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Abstract
This thesis addresses demodulation in direct detection systems and sig-
nal processing of high speed phase modulated signals in future all-optical
wavelength division multiplexing (WDM) communication systems where
differential phase shift keying (DPSK) or differential quadrature phase
shift keying (DQPSK) are used to transport information. All-optical
network functionalities—such as optical labeling, wavelength conversion
and signal regeneration—are experimentally investigated.
Direct detection of phase modulated signals requires phase-to-intensity
modulation conversion in a demodulator at the receiver side. This is
typically implemented in a one bit delay Mach-Zehnder interferometer
(MZI). Two alternative ways of performing phase-to-intensity modula-
tion conversion are presented. Successful demodulation of DPSK signals
up to 40 Gbit/s is demonstrated using the proposed two devices.
Optical labeling has been proposed as an efficient way to implement
packet routing and forwarding functionalities in future IP-over-WDM
networks. An in-band subcarrier multiplexing (SCM) labeled signal us-
ing 40 Gbit/s DSPK payload and 25 Mbit/s nonreturn-to-zero (NRZ)
SCM label, is successfully transmitted over 80 km post-compensated
non-zero dispersion shifted fiber (NZDSF) span. Using orthogonal la-
beling, an amplitude shift keying (ASK)/DPSK labeled signal using
40 Gbit/s return-to-zero (RZ) payload and 2.5 Gbit/s DPSK label, is
generated. WDM transmission and label swapping are demonstrated for
such a signal.
In future all-optical WDM networks, wavelength conversion is an
essential functionality to provide wavelength flexibility and avoid wave-
length blocking. Using a 50 m long highly nonlinear photonic crystal
fiber (HNL-PCF), with a simple four-wave mixing (FWM) scheme, wave-
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ii Abstract
length conversion of single channel and multi-channel high-speed DPSK
signals is presented. Wavelength conversion of an 80 Gbit/s RZ-DPSK-
ASK signal generated by combining different modulation formats, is also
reported.
Amplitude distortion accumulated over transmission spans will even-
tually be converted into nonlinear phase noise, and consequently degrade
the performance of systems making use of RZ-DPSK format. All-optical
signal regeneration avoiding O-E-O conversion is desired to improve sig-
nal quality in ultra long-haul transmission systems. Proof-of-principle
numerical simulation results are provided, that suggest the amplitude re-
generation capability based on FWM in a highly nonlinear fiber (HNLF).
The first reported experimental demonstration of amplitude equalization
of 40 Gbit/s RZ-DPSK signals using a 500 m long HNLF is presented.
Using four possible phase levels to carry the information, DQPSK
allows generation of high-speed optical signals at bit rate that is twice the
operating speed of the electronics involved. Generation of an 80 Gbit/s
DQPSK signal is demonstrated using 40 Gbit/s equipment. The first
demonstration of wavelength conversion of such a high-speed signal is
implemented using FWM in a 1 km long HNLF. No indication of error
floor is observed. Using polarization multiplexing and combination of
DQPSK with ASK and RZ pulse carving at a symbol rate of 40 Gbaud,
a 240 Gbit/s RZ-DQPSK-ASK signal is generated and transmitted over
50 km fiber span with no power penalty.
In summary, we show that direct detection and all-optical signal
processing—including optical labeling, wavelength conversion and sig-
nal regeneration—that already have been studied intensively for signals
using conventional on-off keying (OOK) format, can also be success-
fully implemented for high-speed phase modulated signals. The results
obtained in this work are believed to enhance the feasibility of phase
modulation in future ultra-high speed spectrally efficient optical com-
munication systems.
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Resume´
Denne afhandling omhandler demodulation i direkte detekterede sys-
temer samt signal behandling af højhastigheds fasemodulerede signaler
som vil blive benyttet i fremtidens hel-optiske wavelength division mul-
tiplexed (WDM) systemer hvor differential phase shift keying (DPSK)
eller differential quadrature phase shift keying (DQPSK) bliver benyttet
til at sende information. Hel-optiske netværks funktionaliteter s˚asom
optisk mærkning, bølgelængde konvertering og signal regenerering vil
blive undersøgt eksperimentelt.
Direkte detektering af fasemodulerede signaler kræver konvertering
af fasen til intensitet vha. demodulatoren i modtager enden. Dette
bliver typisk implementeret vha. af et eet bit forsinkelses Mach-Zehnder
interferometer (MZI). To forskellige teknikker til at konverterer fasen til
intensitet vil blive præsenteret. Succesfuld demodulation af DPSK sig-
naler op til 40 Gbit/s bliver demonstreret ved at benytte de to foresl˚aede
komponenter.
Optisk mærkning er blevet foresl˚aet som en effektiv ma˚de til at
implementere pakke dirigering samt fremad rettede funktionaliteter i
fremtidens IP-over-WDM netværk. Et in-band subcarrier multiplex-
ing (SCM) mærket signal baseret p˚a 40 Gbit/s nyttelast og 25 Mbit/s
nonreturn-to-zero (NRZ) SCM mærke, er succesfuldt blevet transmit-
teret over et 80 km post-kompenseret non-zero dispersion skiftet fiber
(NZDSF) spand. Ved at benytte ortogonal mærkning blev et amplitude
shift keying (ASK)/DPSK mærket signal genereret baseret p˚a 40 Gbit/s
return-to-zero (RZ) nyttelast og 2.5 Gbit/s DPSK mærke. WDM trans-
mission samt mærke skift er blevet demonstreret for dette signal.
I fremtidens hel-optiske WDM netværk er bølgelængde konverter-
ing en essentiel funktionalitet for at sikre bølgelængde fleksibilitet og
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dermed undg˚a bølgelængde blokering. Bølgelængde konvertering vha.
firebølge blanding (FWM) i 50 m stærkt ulineær fotonisk krystal fiber
(HNL-PCF) af DPSK signaler b˚ade af en enkelt højhastigheds kanal
samt multiple kanaler bliver præsenteret. Bølgelængde konvertering af
et 80 Gbit/s RZ-DPSK-ASK signal som er dannet ved at kombinere
forskellige modulations formater vil ogs˚a blive beskrevet.
Akkumuleret amplitude forvrængning hen over transmissions spand
vil uvægerligt blive konverteret til ikke lineær fasestøj og vil derfor de-
gradere ydelsen af systemer baseret p˚a RZ-DPSK formatet. Hel-optisk
signal regenerering som undg˚ar O-E-O konvertering er ønskværdig til at
forbedre signal kvaliteten i systemer som inkludere ekstreme transmis-
sions distancer. Amplitude regenerering vha. FWM i stærkt ulineære
fibre (HNLF) bliver princip demonstreret vha. numeriske simuleringer.
Den første eksperimentelle demonstration af amplitude udligning i 500 m
HNLF af 40 Gbit/s RZ-DPSK signaler bliver præsenteret.
Ved at benytte fire mulige faseniveauer til at bære data information,
DQPSK, medfører muligheden for at danne et højhastigheds optisk sig-
nal som har en bit hastighed der er lig den dobbelte af den hastighed
som den benyttede elektronik opererer ved. Generering af et 80 Gbit/s
DQPSK signal vha. 40 Gbit/s udstyr bliver demonstreret. Den første
demonstration af bølgelængde konvertering af et s˚adanne højhastigheds
signal er blevet implementeret vha. FWM i en 1 km lang HNLF. In-
gen antydning af fejl gulv er observeret. Ved at benytte polarisations
multiplexing og kombinere DQPSK, ASK samt RZ puls formning ved
en symbol hastighed p˚a 40 Gbaud blev et 240 Gbit/s RZ-DQPSK-ASK
signal genereret og transmitteret over 50 km fiber spand uden nogen
power penalty.
I konklusion, bliver det vist at direkte detektering og hel-optisk signal
behandling—dette inkluderer optisk mærkning, bølgelængde konverter-
ing og signal regenerering—som tidligere er blevet undersøgt grundigt
for signaler baseret p˚a konventionel on-off keying (OOK) format, ogs˚a
succesfuldt kan blive implementeret i højhastigheds fasemodulerede sig-
naler. Resultaterne som opn˚aet i dette arbejde forventes at øge mu-
lighederne for fasemodulation i fremtidens spektral-effektive ekstreme
højhastigheds optiske kommunikations systemer.
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Chapter 1
Introduction
During the past three decades, optical communication systems have been
developed and deployed tremendously all over the world. Since the in-
stallation of first undersea fiber-optic systems across the Atlantic and
Pacific oceans in 1988–1989, the state-of-the-art of fiber-optic communi-
cation systems has advanced dramatically [1]. Today, the vast majority
of long-haul, high capacity communications are carried by optical trans-
mission systems [2,3].
The current generation of lightwave systems benefit from increased
transmission distance by using optical amplification and increased capac-
ity by using wavelength division multiplexing (WDM) technology [4,5].
The fiber links are typically operating at 1550 nm where the fiber loss
is minimum, at a per channel bit rate of 10 Gbit/s with erbium doped
fiber amplifiers (EDFAs) spaced 60–80 km apart.
The next generation of fiber-optic communication systems is con-
cerned with extending the wavelength range over which a WDM system
can operate simultaneously [1] and increasing the bit rate of each channel
within the WDM signal. The realization relies on, among other things,
Raman amplification to extend the conventional wavelength window to
both shorter and longer wavelength sides, the development of forward
error correction (FEC) technique, and advanced modulation formats
suitable for high-speed transmission [6].
Although on-off keying (OOK) modulation format is used exclu-
sively in current long-haul optical communication systems operating at
10 Gbit/s, differential phase shift keying (DPSK) performs better at
1
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Figure 1.1: Schematic illustration of a DPSK transmission system. CW: continuous
wave; NRZ: nonreturn-to-zero; MZI: Mach-Zehnder interferometer; PD: photodiode.
40 Gbit/s [7]. Instead of using the absolute phase of the optical signal to
carry the information as in phase shift keying (PSK) format, DPSK sig-
nal uses the previous bit as its own phase reference. The use of DPSK in
optical coherent systems operating at moderate bit rates and using het-
erodyne detection was investigated in the early 1990s [8–11]. Ten years
later, DPSK gained a renewed interest, as direct detection of DPSK
with a one bit delay Mach-Zehnder interferometer (MZI) is much more
practical to implement at high signal bit rate [12]. This is mainly be-
cause the strict requirements on the laser source linewidth is relaxed for
an increased bit rate, as the phase stability only need to be maintained
over a duration of two bit slots (i.e. 50 ps for a 40 Gbit/s DPSK sys-
tem). Since then, DPSK including its variants—such as return-to-zero
DPSK (RZ-DPSK) and carrier suppressed return-to-zero DPSK (CSRZ-
DPSK)—has been intensively studied and demonstrated as a promising
modulation format for long-haul, high capacity optical communication
systems [13–19].
Figure 1.1 shows a schematic illustration of a DPSK transmission
system. Light from a continuous wave (CW) laser is phase modulated by
differentially precoded electrical data. The differential precoding can be
realized in an exclusive OR (XOR) gate with one bit delay feedback [20]
or using an AND gate and a T-flip-flop [21]. If a pseudo random bit
sequence (PRBS) is transmitted, precoding is not necessary, since the
differentially precoded bit stream is identical to a time delayed version of
the original PRBS [22]. Phase modulation can be performed by driving
a phase modulator with Vpi peak-to-peak voltage to add a pi phase shift.
This can also be achieved by using a Mach-Zehnder modulator (MZM)
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driven with 2Vpi voltage swing in single-drive mode or Vpi voltage swing
to each of the two arms in dual-drive mode. For direct detection, a one
bit delay MZ interferometer lets two adjacent bits interfere and performs
phase-to-intensity modulation conversion at its two output ports. Each
output can be detected in a single-ended receiver, or both outputs can
be differentially detected in a balanced receiver as shown in Figure 1.1.
In a similar configuration, RZ-DPSK and CSRZ-DPSK signals can be
generated and detected, provided an additional MZM is used for pulse
carving.
Advantages of DPSK compared to conventional OOK format in-
clude [7]: when balanced detection is used, about 3 dB lower optical
signal-to-noise ratio (OSNR) is required for a given bit error rate (BER),
because only half the average optical power is needed for DPSK as com-
pared to OOK to achieve the same symbol distance; higher resilience
to fiber nonlinear effects attributes to more evenly distributed optical
power; larger tolerance towards signal power fluctuations in the receiver
decision circuit due to the fact that a fixed detection threshold value is
realized in balanced receiver. On the other hand, the implementation of
DPSK format requires additional precoder and decoder, and fine-tuning
of the demodulator to match the laser center frequency is necessary
to achieve good interference quality [13]. Moreover, the overall opto-
electronic conversion obtained at the two interferometer outputs should
be equal in order to fully benefit from the balanced detection [15].
By year 2005, a number of record breaking (in terms of capacity
and distance) transmission experiments making use of DPSK signals
had been reported. A 96 × 10 Gbit/s RZ-DPSK field trial was success-
fully conducted over a 13,100 km optical undersea path [23]. Error-free
dense wavelength division multiplexing (DWDM) transmission of 40 ×
40 Gbit/s CSRZ-DPSK channels over trans-Pacific distance of 10,000 km
was demonstrated [21]. Spectral efficiency of 0.8 bit/s/Hz was achieved
in an experiment of transmitting 50 GHz spaced 64×42.7 Gbit/s CSRZ-
DPSK signals over 8200 km [24]. Total capacity of 6 Tbit/s was ob-
tained by WDM transmission of 42.7 Gbit/s DPSK signals [25]. Another
WDM experiment reported a total capacity of 6.4 Tbit/s by transmit-
ting 160 × 40 Gbit/s signals using CSRZ-DPSK format [26]. These re-
sults demonstrated the potential of DPSK in next generation fiber-optic
communication systems.
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The above mentioned records achieved using DPSK format were not
improved in year 2006, since research interests have gradually moved to
a more advanced modulation format, known as differential quadrature
phase shift keying (DQPSK). By using four-level phase values, for a
DQPSK signal, two bits are transmitted for each symbol, and the infor-
mation is carried by the phase change between two consecutive symbols,
resulting in a symbol rate that is half of the bit rate. The DQPSK for-
mat has been shown to have a doubled spectral efficiency, larger disper-
sion tolerance and increased polarization-mode dispersion (PMD) lim-
ited transmission range, but the transmitter and receiver structures are
relatively complex [27].
Conventional OOKmodulation format has been developed into a ma-
ture technology for optical communication systems. DPSK and DQPSK
have been shown to have high potential in future long-haul transmission
systems. If DPSK or DQPSK are to be used in the next generation of
lightwave systems evolving towards higher bit rates, demodulation tech-
niques combined with direct detection along with network functionali-
ties that have already been studied intensively for OOK systems, need
to be investigated also for phase modulated systems. The purpose of
this thesis is to study the demodulation in direct detection system and
processing of high-speed phase modulated signals in context of future
all-optical networks where DPSK or DQPSK formats are used to carry
the information. The work is focused on experimental investigations
of above mentioned issues in system experiments. Network function-
alities focused on include optical labeling, wavelength conversion and
signal regeneration in DPSK optical communication systems. Gener-
ation, transmission and wavelength conversion of high speed DQPSK
signals are also addressed.
The structure of the thesis is as follows.
In Chapter 2, two alternative ways of demodulation that allow DPSK
to be detected by direct detection are investigated. By direct ultra-
violet (UV) writing, a Michelson interferometer making use of waveguide
gratings as reflective elements is presented. Demodulation of DPSK sig-
nals up to 40 Gbit/s is studied using this device. Utilizing the large bire-
fringence of air-guiding photonic bandgap (PBG) fiber, a polarization
delay interferometer capable of 10 and 40 Gbit/s DPSK demodulation
is also presented.
ii
i
i
i
i
i
i
5
In Chapter 3, optical labeling using DPSK signal as either payload
or label in high speed core network is explored. First a brief introduction
to optical labeling concept and schemes is given. Then the feasibility of
in-band subcarrier multiplexing (SCM) labeling using 40 Gbit/s DPSK
payload and 25 Mbit/s nonreturn-to-zero (NRZ) SCM label, is investi-
gated. Using orthogonal labeling, generation, WDM transmission and
label swapping of an amplitude shift keying (ASK)/DPSK signal are
discussed.
In Chapter 4, wavelength conversion of high speed DPSK signals
using four-wave mixing (FWM) in a highly nonlinear medium is ad-
dressed. First a brief introduction is given to the FWM process and
the properties of the highly nonlinear photonic crystal fiber (HNL-PCF)
used in all experiments presented in the chapter. Afterwards, several ex-
perimental investigations are presented. Using a 50 m long HNL-PCF,
wavelength conversion of a 40 Gbit/s RZ-DPSK signal, 6 × 40 Gbit/s
DPSK WDM signal, and an 80 Gbit/s RZ-DPSK-ASK signal generated
using combination of different modulation formats, are demonstrated.
In Chapter 5, amplitude equalization of RZ-DPSK signals is stud-
ied. The principle of the RZ-DPSK signal amplitude regeneration pro-
cess is presented. Simulation results suggesting the capability of ampli-
tude equalization using FWM in a highly nonlinear fiber (HNLF) are
provided. The first reported experimental demonstration of amplitude
equalization of 40 Gbit/s RZ-DPSK signals utilizing saturation of FWM
in a 500 m long HNLF is presented and discussed.
In Chapter 6, wavelength conversion and transmission of DQPSK
signals at a per channel bit rate of 80 Gbit/s and above are reported.
A brief introduction is given to the DQPSK transmitter and receiver
structures and to the precoding procedure. The first demonstration of
wavelength conversion of an 80 Gbit/s DQPSK signal using FWM in
a 1 km long HNLF is presented. Generation of ultra high-speed RZ-
DQPSK-ASK signals at 240 Gbit/s using only 40 Gbit/s equipment is
presented. Transmission feasibility of such a multilevel modulated signal
is demonstrated.
The thesis is concluded in Chapter 7.
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Chapter 2
Demodulation of DPSK
Signals
Direct detection of phase modulated signals relies on phase-to-intensity
modulation conversion in a demodulator before the photodetection. This
is typically realized in a one bit delay Mach-Zehnder interferometer
(MZI), as presented in Chapter 1.
Other schemes have been proposed and demonstrated for phase-to-
intensity modulation conversion. Demodulation of 2.5 Gbit/s differential
phase shift keying (DPSK) signal has been achieved by proper injection
locking of a semiconductor laser [1]. Furthermore, 10 Gbit/s DPSK
demodulators based on an optical discriminator filter [2] and two fiber
Bragg gratings together with an optically tunable phase shifter [3] have
been reported, and recently 10 Gbit/s DPSK balanced detection utilizing
a single uniform fiber Bragg grating has been demonstrated [4]. In
another scheme [5], a 10 Gbit/s DPSK signal is first converted into a
polarization shift keying (POLSK) signal through a birefringent element
(e.g., a polarization maintaining fiber), and then the POLSK signal is
converted into an intensity modulated signal by means of a polarization
beam splitter (PBS). Demodulation of 10 Gbit/s DPSK signal has also
been demonstrated using a birefringent fiber loop [6].
Phase-to-intensity modulation conversion at the transmitter side has
also been suggested as a method to generate return-to-zero (RZ) alter-
nate mark inversion (AMI) modulation formats with desired duty cy-
cles [7–9]. This format has been suggested to exhibit improved optical
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fiber nonlinearity tolerance over conventional on-off keying (OOK) at
40 Gbit/s [10].
In this chapter, we report two alternative ways of DPSK demod-
ulation. In section 2.1, we present demodulation of DPSK signal up
to 40 Gbit/s using a delay interferometer structure based on a directly
ultra-violet (UV) written Michelson interferometer, where the reflec-
tive elements are realized by waveguide gratings. This work was done
in cooperation with Christophe Peucheret and Mikael Svalgaard, both
from COM•DTU. Mikael Svalgaard is acknowledged for his production,
provision, and optimization of the device for the experiment. In sec-
tion 2.2, we show a DPSK demodulator based on a short length special
designed fiber, namely an air-guiding photonic bandgap (PBG) fiber,
whose large birefringence is exploited to realize phase-to-intensity mod-
ulation conversion. Demodulation of 10 and 40 Gbit/s DPSK signals are
successfully performed using this device. This scheme was developed by
Christophe Peucheret, and the experiment was carried out in coopera-
tion with Christophe Peucheret, Bea´ta Zsigri, and Thomas Tanggaard
Alkeskjold, all from COM•DTU.
2.1 Demodulation using Direct UV Written
Michelson Interferometer
In this section, we describe a DPSK demodulator based on a Michelson
interferometer structure fabricated by direct UV writing with waveguide
Bragg gratings as reflective elements.
2.1.1 Principle of Operation
Figure 2.1 shows the principle of phase-to-intensity modulation conver-
sion that is essential for DPSK demodulation in direct detection systems.
The electrical nonreturn-to-zero (NRZ) data bk to be transmitted is first
differentially encoded. This is done using a one bit delay feedback and
an exclusive OR (XOR) gate. The encoded data ek is then used to mod-
ulate the output from a continuous wave (CW) laser source through a
phase modulator to obtain a DPSK signal. The following optical delay
interferometer performs phase-to-intensity modulation conversion. The
phases of the two interfering signals at the output of the interferometer
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Figure 2.1: Principle of phase-to-intensity modulation conversion in DPSK demod-
ulator. bk is the electrical NRZ data to be transmitted, ek is the differentially encoded
data, φ1 and φ2 are the phases of the two interfering signals at the output of the in-
terferometer, ∆φ is the phase difference between the two arms of the interferometer,
and ok is the resulting optical signal in RZ format at the destructive output port of
the interferometer. PM: phase modulator. τ : interferometer’s delay.
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Figure 2.2: Experimental setup for Michelson interferometer based DPSK demod-
ulator. CW: continuous wave; PC: polarization controller; NRZ: non return-to-zero;
MZM: Mach-Zehnder modulator; EDFA: erbium doped fiber amplifier; PWR: optical
power meter; OBPF: optical bandpass filter; PD: photodiode; ED: error detector [12].
φ1 and φ2 have a delay that is the same as the interferometer’s delay τ .
The phase difference between the two arms ∆φ results in an intensity
modulated signal ok in RZ format at the outputs of the delay interferom-
eter, provided the interferometer’s delay τ is smaller than the electrical
data bit slot duration 1/B. Successful demodulation is achieved as the
output signal ok is identical with the transmitted data bk. As discussed
in [7], this way of demodulating DPSK signal converts the NRZ phase
modulated signal into pulses in RZ-AMI modulation format at the de-
structive output port of the interferometer. And it has been shown that,
the output pulse width depends on the speed of the NRZ modulation
and the value of the delay [11].
2.1.2 Experimental Results
A schematic of the setup used for demonstration of Michelson interferom-
eter based DPSK demodulator is shown in Figure 2.2 [12]. The output
of a CW laser is phase modulated in a Mach-Zehnder modulator (MZM)
driven with a 231-1 pseudo random bit sequence (PRBS), resulting in
a DPSK signal. The modulator is biased at the null of the transfer
function and operating in push-pull mode. The signal is then ampli-
fied and sent to the proposed DPSK demodulator. The demodulated
signal is then detected in a receiver consisting of a erbium doped fiber
amplifier (EDFA), an optical bandpass filter, a 50 GHz photodiode, and
an error detector (ED).
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The proposed DPSK demodulator consists of a Michelson interfer-
ometer made from a coupler and two waveguides, and the reflections are
obtained by two Bragg gratings written in the waveguides. The Bragg
grating in each arm of the coupler reflects light at certain wavelengths.
By placing the gratings at different positions in the waveguides, certain
delay is established between the two forward and backward (after re-
flection in the gratings) propagated signals in the two waveguides. This
delay is the interferometer’s delay. At the same coupler, the two fields
interfere destructively which at the output results in an intensity mod-
ulated signal in RZ format.
The entire device is fabricated using direct UV writing technique.
This technique has been suggested as a promising method for the fabri-
cation of optical waveguide components due to its simplicity compared
to conventional clean room processing and its potential for large-scale
production at a reduced cost [13]. Low loss and low birefringence waveg-
uides have been fabricated, and several functionalities have been demon-
strated, for example, directional couplers and splitters [14,15], and vari-
able optical attenuators [16].
For the fabricated device, the component has a total length of 3 cm.
Two waveguides, each with a length of 2 cm, are 250 µm apart. Two
4 mm long uniform Bragg gratings are written into each waveguide with
a relative displacement ∆L of 2.406 mm, which corresponds to an in-
terferometer delay of 23 ps. The coupling loss to standard single mode
fiber (SMF) is about 0.2 dB per facet, and the total fiber-to-fiber loss is
about 9 dB.
To verify the ability of demodulating DPSK signals in the device,
10, 20, 30, and 40 Gbit/s DPSK signals are generated and sent to the
demodulator. Successful phase-to-intensity modulation conversion is ob-
tained at the output of the delay interferometer, as shown in Figure 2.3.
As expected, the output signal is in RZ format. Furthermore, the signal
duty cycle increases as the input signal bit rate increases, which con-
firms the numerical simulation results presented in [17]. The spectra
for different bit rate input DPSK signals measured at the output of the
delay interferometer are shown in Figure 2.4. As indicated in the figure,
for all operations, there is a notch in the spectra induced by destruc-
tive interference at the optical carrier frequency. The recorded spectra
shown in Figure 2.4 have the typical features of the RZ-AMI format.
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Figure 2.3: Eye diagrams of the demodulated signal in RZ format at the Michelson
interferometer output for 10, 20, 30, and 40 Gbit/s DPSK input signal.
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Figure 2.4: Spectra measured at the output of the Michelson interferometer for
input DPSK signal at 10, 20, 30, and 40 Gbit/s. Resolution bandwidth: 0.01 nm.
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Figure 2.5: Measured BER curves for Michelson interferometer based DPSK de-
modulation at 10 to 40 Gbit/s operations.
Figure 2.5 shows the measured bit error rate (BER) curves for 10
to 40 Gbit/s operation. Error free demodulation of DPSK signal up
to 40 Gbit/s is achieved. As presented in the figure, improved BER
performance is obtained for lower bit rate input signals. This is believed
to be due to the lower signal-to-noise ratio requirement and the reduced
duty cycle at lower bit rate. These results demonstrate successful DPSK
demodulation up to 40 Gbit/s using the proposed device. The device
is compact and inherently stable compared to fiber-based solutions that
would require active stabilization [17]. It should be noted that if the
presented delay interferometer structure is used at the transmitter side,
successful RZ-AMI signal generation can be realized up to 40 Gbit/s.
2.2 Demodulation using a Highly Birefringent
Photonic Bandgap Fiber
In this section, we describe a DPSK demodulator based on a short length
of air-guiding PBG fiber. The large birefringence of the fiber is exploited
to realize phase-to-intensity modulation conversion.
ii
i
i
i
i
i
i
18 Demodulation of DPSK Signals
 


Figure 2.6: Microstructure of the air-guiding PBG fiber used in PBG fiber based
DPSK demodulator. This figure is kindly provided by Crystal Fibre A/S.
2.2.1 Air-guiding Photonic Bandgap Fiber
Air-guiding PBG fiber is a type of specially designed fiber. Conven-
tional fiber guides light because of higher refractive index in the core.
In air-guiding PBG fiber, light propagates in a low refractive index core
surrounded by a high effective index microstructured cladding, and is
guided by the photonic bandgap effect [18]. Air-guiding PBG fibers have
been shown to be very bending insensitive [19], and their polarization
properties have been intensively studied [20–24]. Moreover, 10 Gbit/s
data transmission at 1550 nm over 150 m air-guiding PBG fiber has
been demonstrated [25].
The sample used in this experiment is a 2.4 m long air-guiding PBG
fiber kindly provided by Crystal Fibre A/S. The cross section of the fiber
is shown in Figure 2.6. The fiber has a triangular cladding structure with
a pitch (center-to-center hole distance) of 3 µm. The core is defined
by replacing the 7 central airholes with one large hole, thus the fiber
supports a single mode in the core at 1550 nm. The core diameter is
10 µm measured from corner to corner.
In this experiment, the high birefringence of the air-guiding PBG
fiber is used to implement a polarization delay interferometer for DPSK
signal demodulation.
ii
i
i
i
i
i
i
2.2 PBG Fiber Based Demodulator 19
PWR
EDFA ED
ScopeCW
PBS
PBG 
fiber
PC PCPC
PD
data
PM
DPSK demodulator
Figure 2.7: Experimental setup for PBG based DPSK demodulator. CW: continu-
ous wave; PC: polarization controller; PM: phase modulator; PBG: photonic bandgap;
PBS: polarization beam splitter; EDFA: erbium doped fiber amplifier; PWR: optical
power meter; PD: photodiode; ED: error detector [26].
2.2.2 Experimental Results
Figure 2.7 [26] shows the experimental setup for PBG fiber based DPSK
demodulator. The output from an CW laser is sent to a phase modula-
tor that is capable for operation up to 40 Gbit/s. The phase modulator
is driven with a 231-1 PRBS, resulting in a constant intensity DPSK
signal. Phase-to-intensity modulation conversion is realized in a po-
larization delay interferometer, which is implemented by a 2.4 m long
air-guiding PBG fiber followed by a polarization controller and a PBS.
At the input of the demodulator, a polarization controller is used to
rotate the state of polarization (SOP) of the DPSK signal, in order to
couple it equally to the two eigen-axes of the PBG fiber. Due to fiber
birefringence, certain delay between the two fields propagating in the
two eigen-polarizations is accumulated. At the fiber output, another
polarization controller is used to rotate the two orthogonal SOPs to 45◦
of the axes of the following PBS. As a result, at the outputs of the
PBS, the two fields with certain delay between them interfere and two
complementary demodulated DPSK signals appear. One of the outputs
is then sent to a pre-amplified receiver consisting of an EDFA, a 50 GHz
photodiode, and an ED.
To verify the delay accumulated in the PBG fiber based DPSK de-
modulator is suitable for 40 Gbit/s operation, the transfer function of the
polarization delay interferometer is measured by using polarized white
light as the input signal. The result is shown in Figure 2.8 [27]. The
PBG fiber transmission is also measured and represented in the figure.
It can be seen that the 3 dB bandwidth of the fiber bandgap extends up
to 1600 nm. Wavelength dependence of the differential group delay is
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Figure 2.8: Transmission of the 2.4 m long PBG fiber and the measured transfer
function of the polarization delay interferometer [27].
calculated from the periodicity of the interferometer transfer function,
and is shown in Figure 2.9 [27]. The results obtained by Jones matrix
eigenanalysis [28, 29] are also presented in the figure. Measurements
obtained by two methods exhibit excellent agreement. As indicated in
the figure, the delay increases significantly with wavelength at the edge
of the fiber bandgap. At a wavelength of 1592 nm, a delay of 25 ps
(corresponding to one bit duration of a 40 Gbit/s DPSK signal) can
be obtained. This value corresponds to a birefringence of 3.1 × 10−3.
It should be noted that operating at this wavelength range requires a
L-band optical amplifier at the receiver. Therefore, a L-band EDFA
consisting of a C-band EDFA followed by a 120 m long erbium doped
fiber is used [30].
A 39.8 Gbit/s DPSK signal is then generated and input to the de-
modulator. Several wavelengths are selected, and the corresponding
demodulated eye diagrams are recorded and shown in Figure 2.10. De-
modulation is also performed on a 9.95 Gbit/s DPSK signal at 1580 nm,
and the result is also presented in Figure 2.10. As can be seen in the
figure, when the input DPSK signal is at 39.8 Gbit/s, as the signal
ii
i
i
i
i
i
i
2.2 PBG Fiber Based Demodulator 21
1460 1480 1500 1520 1540 1560 1580 1600 1620
0
5
10
15
20
25
30
35
40
45
 Using Jones matrix eigenanalysis
 Calculation from transfer function
 
 
De
la
y 
(ps
)
Wavelength (nm)
Figure 2.9: Delay of the PBG fiber based DPSK demodulator as a function of
wavelength. The red curve is obtained by using Jones matrix eigenanalysis (measure-
ment data provided by T. T. Alkeskjold), and the blue dots are calculations from the
measured transfer function of the polarization delay interferometer [27].
wavelength increases, the delay of the polarization delay interferometer
increases, thus the demodulated signal pulsewidth increases accordingly.
In case of a 9.95 Gbit/s signal, very narrow pulse is obtained after de-
modulation. This is because at this wavelength, the interferometer delay
is very small compared to the 100 ps bit duration.
Figure 2.11 shows the measured BER curves for the demodulation
performed on a 39.8 Gbit/s DPSK signal at 1580, 1585, and 1591 nm and
a 9.95 Gbit/s signal at 1580 nm. Receiver sensitivities (at a BER of 10−9)
of −23.3, −24.0, and −21.7 dBm are observed for 39.8 Gbit/s operation
at 1580, 1585, and 1591 nm, respectively. In principle, better receiver
sensitivities could be obtained for shorter wavelengths, due to the lower
demodulated signal duty cycle associated with smaller interferometer de-
lay at shorter wavelengths. The slightly improved sensitivity measured
at 1585 nm is attributed to the local variations in the bandgap trans-
mission and interferometer extinction ratio. For a 9.95 Gbit/s DPSK
signal at 1580 nm, receiver sensitivity of −30.7 dBm is achieved. The
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Figure 2.10: Eye diagrams for 39.8 Gbit/s DPSK demodulated signal at (a)
1580 nm, (b) 1585 nm, (c) 1591 nm, and (d) for 9.95 Gbit/s DPSK demodulated
signal at 1580 nm, using the PBG fiber based DPSK demodulator.
-34 -32 -30 -28 -26 -24 -22 -20 -18 -16
1E-11
1E-10
1E-9
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
 
 
 39.8 Gbit/s @ 1580 nm
 39.8 Gbit/s @ 1585 nm
 39.8 Gbit/s @ 1591 nm
 9.95 Gbit/s @ 1580 nm
BE
R
Average Received Power (dBm)
Figure 2.11: Measured BER curves for for 39.8 Gbit/s DPSK demodulated signal
at 1580 nm, 1585 nm, and 1591 nm, and for 9.95 Gbit/s DPSK demodulated signal
at 1580 nm, using the PBG fiber based DPSK demodulator.
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improved sensitivity compared to the 39.8 Gbit/s operation is due to the
reduced signal bit rate and much lower demodulated signal pulse duty
cycle. These results demonstrate successful DPSK demodulation at 10
and 40 Gbit/s using a polarization delay interferometer implemented by
a 2.4 m air-guiding PBG fiber. Very stable operation is observed during
the measurements. Therefore, the short length of the fiber shows the po-
tential for a compact and stable polarization delay interferometer, that
is suitable for DPSK demodulation in direct detection systems.
2.3 Summary
In this chapter, we presented two alternative ways of performing phase-
to-intensity modulation conversion in a demodulator that allows DPSK
to be detected by direct detection.
Demodulation of DPSK signals up to 40 Gbit/s using a Michelson
interferometer based demodulator was experimentally investigated. The
proposed demodulator consisted of a Michelson interferometer made
from a coupler and two waveguides, and the reflections were obtained by
two Bragg gratings written in the waveguides. By placing the gratings at
different positions in the waveguides, certain delay (between the two for-
ward and backward propagating signals in the two waveguides) was ac-
cumulated, and phase-to-intensity modulation conversion was achieved
at the output of the device. Error free demodulation of DPSK signals
at 10, 20, 30, and 40 Gbit/s was successfully demonstrated. At the
output of the demodulator, it was observed that, the duty cycle of the
demodulated signal in RZ-AMI format increased as the input signal bit
rate increased. Compared to the fiber based one bit delay MZI that re-
quires active stabilization, the device only uses one coupler, therefore is
compact and inherently stable. In Mach-Zehnder delay interferometers,
the periodicity of their transfer functions allows easy adjustment to dif-
ferent signal wavelengths. However, the proposed structure needs to be
customized for a given wavelength range due to the limited bandwidth
of the Bragg gratings.
A polarization delay interferometer utilizing the large birefringence
of air-guiding photonic bandgap fiber was also presented and experimen-
tally investigated. Using only 2.4 m long PBG fiber, phase-to-intensity
modulation conversion was successfully performed for DPSK signal at 10
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and 40 Gbit/s. Fiber birefringence of 3.1× 10−3 was observed and used
to realize the ∼ 25 ps interferometer delay. Such a high birefringence
value is an order of magnitude higher than for conventional polarization
maintaining fibers. Therefore, to obtain the same interferometer delay,
an order of magnitude shorter air-guiding PBG fiber can be used instead
of the conventional polarization maintaining fiber. In the presented im-
plementation, butt coupling of the PBG fiber to and from standard
single mode fiber resulted in a large total device loss. Such coupling loss
could be minimized by proper splicing, as shown in [19]. Moreover, uti-
lizing the large birefringence of the PBG fiber at the bandgap edge limits
the ability of the PBG fiber based demodulator to be easily tuned to
different channel wavelengths. Operations at desired wavelengths would
require scaling of the PBG structure that could shift the bandgap of the
fiber.
Both structures can be used at the transmitter side to generate op-
tical RZ-AMI signals with desired duty cycles. For the Michelson inter-
ferometer based structure, various signal pulse widths can be realized
by tailoring the relative positions of the two waveguide Bragg gratings
in each arm of the coupler. For the PBG fiber based structure, careful
selection of the operating wavelength will lead to generated signals with
desired duty cycles.
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Chapter 3
Optical Labeling using
DPSK Signals
3.1 Introduction
With the introduction of wavelength division multiplexing (WDM) as a
technology to make effective use of the fiber bandwidth and achieve high
system capacity, the concept of carrying Internet protocol (IP) directly
over WDM has attracted a lot of interest [1]. By avoiding the intermedi-
ate synchronous digital hierarchy (SDH) and/or asynchronous transfer
mode (ATM) layers, IP-over-WDM would provide a significant improve-
ment of the network throughput, thus yield a more efficient network [2].
The use of optical labels to implement packet routing and forwarding
functionalities directly in the optical layer without touching the opti-
cal payload would overcome the electronic bottlenecks, by allowing low
speed electronics in the core nodes for label processing [3].
Several techniques have been proposed for labeling optical pack-
ets [4], amongst them bit-serial method [5–8], label wavelength method
[9–11], optical subcarrier multiplexing (SCM) method [12–14], and or-
thogonal modulation method [15–24].
The optical label signal contains the information needed to route
and/or forward packets. The label is only of local importance. At
each core node, the label is extracted and the information is used to
forward the packets further. Meanwhile, a new label is added for the
usage at next node. This process is called label swapping. In general,
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Figure 3.1: SCM label and payload in frequency domain. Conventional SCM (left)
and in-band SCM (right) [25].
the label signal has a bit rate that is much lower than the payload bit
rate, because of the small amount of control information. This lower
bit rate feature allows us to process the label in the electronic domain
and keep the payload in the optical domain, and therefore avoids the
electronic bottleneck in the core network nodes. In the following we
give a brief introduction to two ways of adding the optical label onto
a data payload, namely, the optical SCM method and the orthogonal
modulation method.
3.1.1 Optical Subcarrier Multiplexing Labeling
Optical SCM labeling has been suggested as a possible way to code the
optical label onto the data payload, where the labeling information is
carried on a subcarrier frequency along with the payload [13]. By accom-
modating both the label and payload on the same optical wavelength,
two subcarrier sidebands appear centered around the payload spectrum.
This is referred to as conventional SCM labeling, and illustrated in Fig-
ure 3.1 [25].
Using optical SCM labeling, the bookkeeping in the routing nodes
becomes simpler, as the label and payload travel simultaneously through
the network. Furthermore, the label data can be completely asyn-
chronous to the payload data, resulting in simplified network control.
The main drawback is the radio-frequency (RF) fading due to the in-
teraction between the subcarrier and the fiber dispersion [26]. Moreover,
for high bit rate payload, the subcarrier needs to be placed at a very
high frequency, which requires more advanced and expensive electronics
as well as increased wavelength channel spacing.
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In-band SCM labeling is proposed to provide better spectral effi-
ciency and reduce the RF signal generation/detection complexity (due to
the lower subcarrier frequency) [27]. This is also presented in Figure 3.1.
The in-band SCM labeling using differential phase shift keying (DPSK)
payload as proposed in [27] additionally takes advantages of the attrac-
tive properties of the DPSK format, and can be used for signaling, as
presented in [28], by benefiting from e.g. the possibility of attaching
additional labels or tones to the payload signal. Recently, in-band SCM
has been suggested as a WDM monitoring technique by using the am-
plitude modulated (AM) subcarrier signal as the pilot tone to monitor
DPSK WDM systems [29].
In section 3.2, we present an experimental investigation of in-band
SCM labeling using 40 Gbit/s DPSK payload and 25 Mbit/s nonreturn-
to-zero (NRZ) SCM label. We verify the transmission feasibility of such
a labeling scheme by sending the labeled signal over an 80 km non-
zero dispersion shifted fiber (NZDSF) span. The work was initiated
by Thomas Flarup (former COM•DTU student), and done in coopera-
tion with Thomas Flarup, Christophe Peucheret from COM•DTU, and
Juan Jose Vegas Olmos who formerly worked at Eindhoven University
of Technology, The Netherlands.
3.1.2 Orthogonal Labeling
Orthogonal labeling schemes encode the optical label information using
the optical carrier itself, while using orthogonal modulation formats for
the payload and label separately. In this thesis, the term ’orthogonal’ is
used to imply that the two modulation formats do not interact signifi-
cantly. Therefore, if the payload is intensity modulated, the label can
be added by either phase [18,23] or frequency [17,19] modulation of the
optical carrier.
This technique allows all-optical label swapping and has a compact
spectrum, as well as high scalability to high bit-rate [23]. Since the
payload is coupled to the label in the same wavelength channel, the
bookkeeping in the routing nodes becomes easier. Furthermore, the label
and payload are decoupled regarding timing, thus only synchronization
at packet level is needed, not at bit level.
The main drawback is related to crosstalk between the two mod-
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ulation formats used for the payload and label. A limited extinction
ratio (ER) of the payload is necessary to minimize the crosstalk [16].
Moreover, fiber dispersion and nonlinearities also affect this labeling
scheme, through phase (or frequency) to intensity conversion due to
dispersion and interferometric effects in the fiber links during propaga-
tion [4].
In section 3.3, we report a study of an orthogonal labeling scheme
using a 40 Gbit/s return-to-zero (RZ) payload and a 2.5 Gbit/s DPSK
label. By deploying a DC-balanced line encoding to the payload, the
crosstalk between the two orthogonal modulation formats is significantly
suppressed. The transmission and label swapping functionality is demon-
strated for a 4 × 40 Gbit/s WDM labeled signal. The work was done
in cooperation with Nan Chi and Lin Xu, who both worked formerly at
COM•DTU.
3.2 In-band SCM Labeling with 40 Gbit/s
DPSK Payload
In this section, we report an experimental investigation of the perfor-
mance and transmission property of the in-band SCM labeling scheme.
The presented scheme uses 40 Gbit/s DPSK payload and 25 Mbit/s
NRZ SCM label signal.
3.2.1 Experimental Setup
Figure 3.2 shows the experimental setup used for investigation of the
in-band SCM labeling scheme [30]. The baseband NRZ label signal
generated from the 25 Mbit/s pattern generator is first up-converted
to the subcarrier frequency. This is done by mixing the signal with a
clock signal at the subcarrier frequency in the SCM label signal gener-
ator. The resulting 25 Mbit/s SCM label signal is then used to drive
an electroabsorption modulator (EAM). In order to impose the label
signal onto the optical carrier, the output of a continuous wave (CW)
laser at 1554.9 nm is intensity modulated by the EAM. The signal is
then amplified in an erbium doped fiber amplifier (EDFA) and phase
modulated in a LiNbO3 phase modulator driven with a 40 Gbit/s 2
31-1
pseudo random bit sequence (PRBS) payload, resulting in an in-band
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Figure 3.2: Experimental setup for in-band SCM labeling with 40 Gbit/s DPSK
payload. EAM: electroabsorption modulator; PC: polarization controller; PM: phase
modulator; EDFA: erbium doped fiber amplifier; NZDSF: non-zero dispersion shifted
fiber; DCF: dispersion compensation fiber; PD: photodiode; EBPF: electrical band-
pass filter; BPF: optical bandpass filter; LPF: electrical lowpass filter; MZI: Mach-
Zehnder interferometer; ED: error detector [30].
SCM labeled 40 Gbit/s DPSK signal. The transmission span includes
80 km of NZDSF with a dispersion parameter of 5.7 ps/km/nm, and
a matching length of dispersion compensation fiber (DCF) in a post-
compensation configuration. The total fiber span loss is 23.5 dB, and
is compensated for by two EDFAs. At the receiver, a small part of the
signal is tapped for clock recovery. Phase-to-intensity modulation con-
version is performed through an optical bandpass filter, the signal is then
detected and sent to the clock recovery module to extract the 40 GHz
clock. The main part of the received signal is split between the payload
and label receivers. The balanced pre-amplified DPSK payload receiver
consists of an EDFA, a one bit delay Mach-Zehnder interferometer (MZI)
for demodulation, two 45 GHz photodiodes in a balanced configuration,
and a 40 Gbit/s error detector (ED) for measurement. The label signal
is pre-amplified, detected, and filtered by an electrical bandpass filter.
The filtered SCM label signal is envelope recovered (down-converted to
the baseband) by mixing the signal with a local oscillator operating at
the subcarrier frequency. The envelope recovered signal is then lowpass
filtered and visualized on an oscilloscope.
3.2.2 Results
In this experiment, the EAM driving voltage is chosen to vary from 0
to 150 mV, corresponding to modulation depths between η = 0 and
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Figure 3.3: 40 Gbit/s DPSK payload eye diagrams for nine combinations of subcar-
rier frequencies (1, 2, and 3 GHz) and EAM driving voltages (50, 100, and 150 mV,
corresponding to modulation depths η of 0.17, 0.33 and 0.45, respectively). Horizontal
scale: 10 ps/div [30].
η = 0.45. The modulation depth is defined as η = (I0 − I)/I0, where
I is the output intensity and I0 is the value of I with no EAM driving
signal applied. The subcarrier frequency of the 25 Mbit/s SCM label
signal is chosen to be 1, 2 or 3 GHz.
In the back-to-back case (i.e. when the output of the transmitter
is directly connected to the receiver), the DPSK payload eye diagrams
and the corresponding detected SCM label signals (both before and after
down-conversion to the baseband) for nine combinations of subcarrier
frequencies (1, 2, and 3 GHz) and EAM driving voltages (50, 100, and
150 mV, leading to modulation depths η of 0.17, 0.33 and 0.45, respec-
tively) are shown in Figure 3.3 [30] and Figure 3.4 [25], respectively.
An increase of the EAM driving voltage corresponds to an increase of
the SCM label modulation depth. Therefore, as seen in the figures, as
the EAM driving voltage increases, the DPSK payload eye closes and
the detected label signal amplitude increases. Furthermore, it can be
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Figure 3.4: Detected 25 Mbit/s SCM label signal before (red) and after (green)
down-conversion to the baseband, for nine combinations of subcarrier frequencies (1,
2, and 3 GHz) and EAM driving voltages (50, 100, and 150 mV, corresponding to
modulation depths η of 0.17, 0.33 and 0.45, respectively). Horizontal scale: 100 ns/div
[25].
seen that, as the subcarrier frequency decreases, due to the more se-
vere interaction between the payload and label, the DPSK payload eye
closes. More recent work [31] has shown that, the effect of the super-
imposed SCM label on the performance of the DPSK payload can be
minimized when the label is centered at a subcarrier frequency equal
to half the bit rate of the DPSK signal. For the label signal, the en-
velope of the detected SCM label appears unaffected as the subcarrier
frequency decreases, while the pattern of the envelope recovered signal
cannot be distinguished at 1 GHz, because of the limited received power
after down-conversion.
Bit error rate (BER) measurements are performed on the 40 Gbit/s
DPSK payload signal, while the 25 Mbit/s label signal is monitored on
an oscilloscope before and after down-conversion to the baseband. The
label signal quality is only qualitatively assessed due to the performance
of the suboptimal label receiver.
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Figure 3.5: DPSK payload receiver penalty as a function of EAM driving voltage,
in the back-to-back case (black line), and after transmission over 80 km of post-
compensated NZDSF (red line). The insets show the detected 25 Mbit/s SCM label
signal after 80 km transmission, before (red) and after (green) down-conversion to
the baseband, for a subcarrier frequency of 3 GHz and EAM driving voltages of 50
and 100 mV (corresponding to modulation depths η of 0.17 and 0.33, respectively).
Horizontal scale: 100 ps/div [30].
Figure 3.5 [30] (black line) shows the back-to-back DPSK payload
receiver penalty as a function of the EAM driving voltage for a 3 GHz
subcarrier frequency. The 0 dB penalty reference is the back-to-back
receiver sensitivity at a BER of 10−9 without any EAM driving voltage,
which is −24.0 dBm. When increasing the EAM driving voltage, addi-
tional power penalty appears. However, at an EAM driving voltage of
50 mV (corresponding to a modulation depth of η = 0.17), the penalty
is only 1.2 dB.
The transmission feasibility of the in-band SCM labeling of a 40 Gbit/s
DPSK payload is investigated by transmitting the signal over 80 km of
post-compensated NZDSF using a subcarrier frequency of 3 GHz. The
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Figure 3.6: Illustration of RF frequency spectra for orthogonal ASK/DPSK labeled
signal with (a) payload in PRBS pattern and (b) DC-null encoded payload [32].
DPSK payload receiver penalty as a function of the EAM driving voltage
is also presented in Figure 3.5 (red line). Without label imposing (corre-
sponding to an EAM driving voltage of 0 mV), the transmission penalty
is 0.7 dB. At an EAM driving voltage of 50 mV, the additional transmis-
sion penalty is only 1.1 dB. Therefore, the in-band SCM labeled signal
is demonstrated to be generated and transmitted over an 80 km NZDSF
span without introducing significant penalty on the 40 Gbit/s DPSK
payload, thus demonstrating the feasibility of this labeling scheme.
3.3 Transmission and Label Swapping of a
4 × 40 Gbit/s WDM Signals
In this section, we present an experimental investigation of an ampli-
tude shift keying/differential phase shift keying (ASK/DPSK) labeling
scheme using 40 Gbit/s RZ payload and 2.5 Gbit/s DPSK label. By
employing 8B10B coding for the payload, the crosstalk between the two
orthogonal modulation formats is significantly suppressed through spec-
trum shaping. The transmission and label swapping functionality are
demonstrated for a 4× 40 Gbit/s WDM labeled Signal.
3.3.1 Benefits of Using 8B10B Coding
As discussed in section 3.1.2, for the orthogonal labeling scheme, a lim-
ited ER of the payload is necessary to minimize the crosstalk between
the two modulation formats used for the payload and label. In case of
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Figure 3.7: Experimental setup used to verify the performance of 8B10B coding
applied in an ASK/DPSK labeling system. ECL: external cavity laser; PM: phase
modulator; MZI: Mach-Zehnder interferometer; LPF: lowpass filter; ED: error detec-
tor [32].
ASK/DPSK labeling, where the payload is in RZ format and the label
is in DPSK format, sufficient optical power for the payload is essential
in order for the ASK signal to be able to carry the phase information
of the label. In the RF domain, the crosstalk between the payload and
label is generated by the spectra overlap of the payload and label. If
the payload spectrum can be shaped to have a null at DC, the crosstalk
will be suppressed significantly, as illustrated in Figure 3.6 [32]. Sev-
eral coding techniques have been used to generate a DC-null spectrum,
such as Manchester coding [33, 34] and 8B10B coding [35]. Manchester
coding has advantages of enabling a simple clock extraction operation
and robust burst mode data reception [34]. It is a 1B2B coding scheme
and requires double bandwidth compared to NRZ coding [36]. There-
fore, in this experiment, 8B10B coding is chosen as the coding technique
because of its relatively high bandwidth efficiency (80%) [36].
In order to verify the effectiveness of the 8B10B coding scheme when
it is applied to ASK/DPSK labeling, the setup shown in Figure 3.7 is
used [32]. The output from an external cavity laser (ECL) operating
at 1550 nm is sent through three consecutive modulators. The phase
modulator driven with a 2.5 Gbit/s 223-1 PRBS is used to generate the
2.5 Gbit/s DPSK label signal. Two Mach-Zehnder modulators (MZMs),
both in push-pull configuration, are used to generate the 40 Gbit/s RZ
payload. The first MZM is biased at a peak of its transfer function and
driven with a 20 GHz clock to generate RZ pulse train with 33% duty
cycle. The second MZM is driven with a 40 Gbit/s 8B10B encoded data.
The data is generated through encoding a 27-1 PRBS, thus yields a pe-
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Figure 3.8: Measured receiver sensitivity for the payload and label vs. input ex-
tinction ratio of the payload. The insets show the eye diagrams of the 40 Gbit/s RZ
payload and demodulated 2.5 Gbit/s DPSK label for an 8B10B encoded payload with
an ER of 10.3 dB [32].
riod data pattern of 160 bits. The generated ASK/DPSK signal is split
by a 3 dB coupler between the payload and label receivers. The payload
receiver consists of a 50 GHz photodiode for detection and a 40 Gbit/s
ED for measurement. The label receiver consists of a one bit delay MZI
for demodulation, a 10 GHz photodiode for detection, a 1.8 GHz lowpass
filter for out-of-band noise reduction, and a 2.5 Gbit/s ED for measure-
ment. The MZI has a delay of approximately 8 cm, corresponding to
one bit duration (400 ps) of the DPSK signal at 2.5 Gbit/s.
Figure 3.8 [32] shows the measured sensitivities of the payload and
label as a function of the payload ER. The label is a 2.5 Gbit/s DPSK
223-1 PRBS signal. The payload is a 40 Gbit/s RZ signal, in 27-1 PRBS
pattern in one case, and 8B10B encoded in another case. As shown in the
figure, when the payload is a 27-1 PRBS, the balanced performance of
the label and payload is obtained with a payload ER of ∼ 7 dB. With this
ER value, the label and payload receiver sensitivities at a BER of 10−9
are ∼ −23 dBm. When the payload is 8B10B encoded, the balanced
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Figure 3.9: Experimental setup for WDM transmission and label swapping. DFB:
distributed feedback laser; PM: phase modulator; OADM: optical add-drop multi-
plexer; SMF: standard single mode fiber; DCF: dispersion compensation fiber; ECL:
external cavity laser; PC: polarization controller; HNLF: highly nonlinear fiber; PBS:
polarization beam splitter; CR: clock recovery; LPF: lowpass filter; ED: error detec-
tor [32].
point is moved to a payload ER of 10.3 dB, and the label and payload
receiver sensitivities are improved to ∼ −30 dBm. It is clear that by
using 8B10B coding for the payload, the limitation on the payload ER
is overcome and the system performance is significantly improved. The
insets of Figure 3.8 show the eye diagrams of the 40 Gbit/s RZ payload
and demodulated 2.5 Gbit/s DPSK label for an 8B10B encoded payload
with an ER of 10.3 dB.
3.3.2 WDM Transmission and Optical Label Swapping
Figure 3.9 shows the experimental setup for WDM transmission and
label swapping [32]. The WDM source consists of four distributed
feedback (DFB) lasers spaced 200 GHz, the outputs of which are com-
bined in aWDMmultiplexer. The wavelengths of the lasers are 1549.3 nm,
1550.9 nm, 1552.5 nm, and 1554.1 nm, respectively. All CW signals
are simultaneously modulated by a phase modulator and two MZMs
in a configuration similar to the one described above to generate a
4 × 40 Gbit/s WDM ASK/DPSK signal. The payload is 8B10B en-
coded with an initial ER of 12 dB. The WDM signal is then amplified to
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an average power of 6 dBm and injected into the transmission span. The
transmission span consists of 40 km of standard single mode fiber (SMF)
with a matching length of DCF in a post-compensation scheme. The
transmitted WDM signal is then demultiplexed and detected in the pay-
load and label receivers, respectively. The receiver configurations are
similar to the ones used to verify the performance of the 8B10B cod-
ing scheme, with an additional clock recovery circuit for payload BER
measurements.
After transmission, label swapping is demonstrated for channel 2
signal at 1550.9 nm. The demultiplexed signal is combined with a
CW pump at 1555.8 nm in a 3 dB coupler before being fed into the
highly nonlinear fiber (HNLF) and subsequent polarization beam splitter
(PBS), where wavelength conversion and label erasure are realized. Three
polarization controllers are used to fine adjust the states of polarization
(SOPs) of the CW pump light and the ASK/DPSK signal. At the HNLF
input, the signal power is 20 dBm and the pump power is 15 dBm. At
the PBS output, the demultiplexed ASK/DPSK signal at 1550.9 nm is
converted to a pure ASK signal at 1555.8 nm. This method of label
erasure making use of a Kerr switch [37] is based on a polarizer that,
for proper adjustment, blocks the incoming signal in the absence of the
pump. In the presence of the pump, cross phase modulation (XPM)
will induce a polarization rotation of the CW signal that will align its
SOP with that of the polarizer. As a result, the ASK payload data is
copied onto the new optical carrier, while the DPSK label information
is erased. In this experiment, the PBS is used as a polarizer. Because
there is only one phase modulator available in the setup, the label-erased
signal is first multiplexed with the four DFB lasers and then injected
into the same phase modulator for the new label insertion. In this case,
an optical add-drop multiplexer (OADM) is used to extract the signal
at 1555.8 nm after transmission and label swapping. The ER of the
label erased signal is slightly degraded to about 9 dB due to the residual
phase shift induced by the Kerr switch. However, this value of ER is
sufficient for payload and label detection.
Figure 3.10 shows the measured optical spectra at the output of the
phase modulator, of the initial 4×40 Gbit/s WDM ASK/DPSK signals,
and the spectra before and after wavelength conversion and label erasure.
Figure 3.11 shows the eye diagrams for the demultiplexed 40 Gbit/s
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Figure 3.10: Measured optical spectra (a) at the output of the phase modulator,
(b) of the initial 4×40 Gbit/s WDM ASK/DPSK signals, (c) at the input (gray line)
and output (black line) of HNLF, (d) of received signal after transmission and label
swapping. Resolution bandwidth: 0.01 nm.
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Figure 3.11: Eye diagrams of the demultiplexed 40 Gbit/s RZ payload in the back-
to-back case (a), after 40 km transmission (b), and after label swapping (c); and
2.5 Gbit/s DPSK label in the back-to-back case (d), after 40 km transmission (e),
and after label swapping (f).
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RZ payload and 2.5 Gbit/s DPSK label in the back-to-back case, after
40 km transmission and after label swapping. Clear and open eyes can
be obtained for both the payload and label after transmission and label
swapping. These results indicate that the WDM transmission and label
swapping utilizing the Kerr switch have very little detrimental effect on
the signal.
The measured BER curves for payload and label in the back-to-back
case and after transmission are shown in Figure 3.12. The results show
that error free operation of all four channels can be achieved after 40 km
transmission. For the payload the transmission penalty is less than 1 dB,
while for the label it is less than 1.5 dB.
Figure 3.13 shows the measured BER curves for the demultiplexed
channel payload and label after label swapping. For comparison, BER
curves in the back-to-back case are also presented in the figure. The total
power penalty induced by transmission and label swapping is 3.3 dB for
the payload and 0.3 dB for the label. The high degradation of the pay-
load sensitivity is mainly due to the reduction of the ER after label swap-
ping. These results demonstrate successful transmission of 4×40 Gbit/s
ASK/DPSK signals and label updating of one of the WDM channels.
3.4 Summary
We experimentally investigated the feasibility of in-band SCM labeling
using 40 Gbit/s DPSK payload and 25 Mbit/s NRZ SCM label. We
compared both the payload and label signal quality using different label
modulation indices and subcarrier frequencies. With a label modula-
tion depth of η = 0.17 and a subcarrier frequency of 3 GHz, 1.2 dB
payload receiver power penalty was measured compared to the back-
to-back sensitivity without in-band SCM labeling. This labeled signal
was transmitted over 80 km post-compensated NZDSF span. The addi-
tional transmission penalty was only 1.1 dB. We therefore show that the
subcarrier frequency can be reduced to only a few GHz with very small
payload receiver penalty compared to a pure DPSK signal without any
label. Operating at such relatively low subcarrier frequencies makes the
subcarrier label signal processing simple and cost effective.
The performance of the ASK/DPSK labeling scheme, where the pay-
load was a 40 Gbit/s RZ signal and the label was a 2.5 Gbit/s DPSK
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Figure 3.12: Measured BER curves for the 40 Gbit/s RZ payload (a) and the
2.5 Gbit/s DPSK label (b) in the back-to-back case and after 40 km SMF transmis-
sion.
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Figure 3.13: Measured BER curves for the demultiplexed channel 40 Gbit/s RZ
payload and 2.5 Gbit/s DPSK label in the back-to-back case and after label swapping.
signal, was improved by using 8B10B encoding of the ASK payload. By
using this method, 3.3 dB payload ER improvement was achieved for a
balanced performance between the label and payload. WDM transmis-
sion for 4 × 40 Gbit/s ASK/DPSK signals, including label swapping of
one of the channels using Kerr switching was successfully demonstrated.
After 40 km SMF transmission, the payload experienced a transmis-
sion penalty of less than 1 dB, and the label showed a penalty of less
than 1.5 dB. The cascaded transmission and label swapping of one of
the channels induced an overall penalty of 3.3 dB for the payload and
0.3 dB for the label. We therefore show successful transmission and label
updating for ASK/DPSK labeled signals in a WDM system.
By moving the subcarrier frequency inside the payload spectrum,
in-band SCM labeling provides better spectral efficiency compared to
the conventional SCM labeling scheme. However, the addition of the
SCM label requires up-conversion to subcarrier frequency and down-
conversion to baseband at the transmitter side and receiver side, respec-
tively. These processes require more equipment in the system. More-
over, for optimal payload performance, the label needs to be centered at
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a subcarrier frequency equal to half the bit rate of the payload signal.
For high bit rate payload, this requirement will reduce the simplicity
and cost effectiveness of the label processing in the electronic domain.
The orthogonal labeling scheme has been suggested as a competing
scheme to SCM labeling, due to the compact spectrum, simple label
swapping and high scalability to high bit rate. However, studies have
shown that a limited ER of the payload is necessary to minimize the
crosstalk and maintain the balanced performance between the payload
and label. Alternatively, line coding techniques can be used to release the
ER requirement of the payload, but at a cost of additional transmitter
and/or receiver bandwidths.
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Chapter 4
Wavelength Conversion of
DPSK Signals
In future all-optical wavelength division multiplexing (WDM) networks,
wavelength conversion is an essential functionality to implement, in or-
der to provide wavelength flexibility and thus avoid wavelength block-
ing [1]. Considerable interest has been shown in the development of
practical high-speed wavelength converter [2–4]. Wavelength converter
based on electro-absorption has been demonstrated at 10 Gbit/s [5] and
40 Gbit/s [6]. Wavelength conversion realized in semiconductor opti-
cal amplifiers (SOAs) using cross gain modulation (XGM) [7,8] or cross
phase modulation (XPM) [9,10] have been reported. XPM in a nonlin-
ear optical loop mirror (NOLM) [11–13] has also been investigated and
utilized to achieve wavelength conversion of signals at 10 and 40 Gbit/s.
A tunable WDM wavelength converter based on XPM in a highly non-
linear normal dispersion holey fiber [14] has been proposed. However,
the above mentioned schemes disregard the signal phase information,
thus are not suitable for wavelength conversion of phase modulated sig-
nals, for example, signals using differential phase shift keying (DPSK)
modulation format.
Four-wave fixing (FWM) in a fiber is a phase and intensity modu-
lation preserving process that furthermore is independent of the signal
bit rate due to the instantaneous response of the Kerr nonlinearity of
fused silica, therefore satisfying the major requirements for transparent
wavelength conversion in all-optical systems [2, 15]. FWM in a dis-
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persion shifted fiber (DSF) has been used to implement optical phase
conjugation (OPC), and its capability of compensating pulse shape dis-
tortion has been demonstrated in a transmission experiment [16]. In
another demonstration, OPC based on FWM in a SOA has been used
to reduce the phase noise of a DPSK based transmission system [17].
Wavelength conversion of phase modulated signals has been demon-
strated using FWM in a nonlinear fiber for a 2.5 Gbit/s DPSK sig-
nal [18], and in a SOA for a 10 Gbit/s return-to-zero differential phase
shift keying (RZ-DPSK) signal [19].
The design freedom offered by the crystal fiber technology makes
highly nonlinear photonic crystal fibers (HNL-PCFs) very suitable for
special applications where the fiber parameters should be tailored to
satisfy specific demands, namely a flat dispersion profile and a high
nonlinear coefficient. The dispersion of HNL-PCFs can be tailored to
satisfy the phase matching requirements for FWM. Wavelength conver-
sion using FWM in a HNL-PCF has been reported for nonreturn-to-
zero (NRZ) signals at 10 Gbit/s [20,21], as well as for phase conjugation
at 40 Gbit/s [22]. A widely tunable wavelength conversion scheme has
been demonstrated lately, using this fiber in a NOLM structure [23].
In this chapter, we report wavelength conversion of high-speed phase
modulated optical signals using FWM in a HNL-PCF. In section 4.1,
we give a brief introduction to the FWM process in a nonlinear medium
and the properties of the HNL-PCF used in the following presented
experiments. In section 4.2, we describe wavelength conversion of a
40 Gbit/s RZ-DPSK signal. In section 4.3, we present wavelength con-
version a 6 × 40 Gbit/s DPSK WDM signal. Finally, in section 4.4,
we report wavelength conversion of an 80 Gbit/s RZ-DPSK-ASK signal.
These experiments were carried out in cooperation with Torger Tokle
from COM•DTU, and Peter Andreas Andersen who worked formerly at
COM•DTU.
4.1 Introduction
This section gives a brief introduction to the FWM process in a nonlinear
medium, and the properties of the HNL-PCF used in the experiments
presented in the following sections.
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4.1.1 Four-Wave Mixing
FWM is one of the nonlinear effects in optical fibers [24,25]. The refrac-
tive index of silica, n, becomes power dependent with increasing optical
power P ,
n = n0 + n2
P
Aeff
, (4.1)
where n0 is the linear refractive index at low power, n2 is the nonlinear
index coefficient, and Aeff is the effective area of the optical mode in
the fiber. Due to this nonlinear effect, three co-propagating waves at
frequencies fi, fj, and fk will give rise to a new optical wave at fFWM
fFWM = fi + fj − fk. (4.2)
The power of the new generated signal is given by
PFWM (L) = γ
2L2effPi (0)Pj (0)Pk (0) e
−αLη, (4.3)
where Pi (0), Pj (0), and Pk (0) are the input powers of the three waves,
α is the fiber attenuation, Leff is the effective interaction length defined
as
Leff =
1− e−αL
α
,
γ is the fiber nonlinear coefficient defined as
γ =
2pin2
λAeff
with λ being the optical signal wavelength, and η is the conversion effi-
ciency described as
η =
α2
α2 +∆β2

1 + 4e
−αL sin2
(
∆βL
2
)
(1− e−αL)2

 . (4.4)
It can be seen from (4.3) and (4.4) that, the power of the FWM
product is maximized when the FWM efficiency is largest which oc-
curs when the phase matching condition ∆β = 0 is satisfied, where
∆β = βi + βj − βk − βFWM is the difference in the propagation con-
stants between the channels due to the fiber dispersion.
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(a)                                        (b)
f ∆ f ∆f ∆f ∆
if  jf  FWM fFWM f kf  kf  ji ff   =
Figure 4.1: Illustration of (a) nondegenerate FWM case when fi 6= fj 6= fk and (b)
degenerate FWM case when fi = fj 6= fk, where fi, fj , and fk are the frequencies of
the incident waves, and fFWM is the frequency of the generated FWM wave [28].
In a WDM system, FWM causes interchannel crosstalk by trans-
ferring signal power to neighboring channels, and thus degrades system
performance. However, FWM can be quite efficient in generating new
waves, and has been studied extensively [26–28].
When the three waves have different frequencies (where fi 6= fj 6= fk)
FWM occurs in a nondegenerate case, while when there are only two co-
propagating waves (where fi = fj 6= fk) FWM occurs in a degenerate
case. These two cases are illustrated in Figure 4.1 [28].
4.1.2 Properties of the HNL-PCF
Photonic crystal fibers are highly attractive as nonlinear media as they
combine a large nonlinear coefficient and a highly controllable zero dis-
persion wavelength [30]. The combination of a high nonlinearity and a
flat dispersion profile makes HNL-PCF a promising medium for wave-
length conversion utilizing FWM [31]. All the experimental work pre-
sented in this chapter is based on a 50 m long HNL-PCF that was kindly
provided by Crystal Fibre A/S. The inset of Figure 4.2 [29] shows micro-
scopic picture of the microstructured region of this fiber. The fiber has a
three-fold symmetric hybrid core region comprising a germanium doped
center element surrounded by three fluorine doped regions embedded
in a standard triangular cladding structure. This is an index-guiding
microstructured fiber, where light is guided in the principle of modified
total internal reflection. This means that, the holes act to lower the
effective refractive index in the cladding region, so that light is confined
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Figure 4.2: Measured dispersion curve of the 50 m long HNL-PCF used in the
experiments presented in the chapter. The inset shows the microscopic picture of the
microstructure region of the fiber [29].
to the solid core that has a relatively higher index. Due to the shape
of the core, the nearfield is three fold symmetric resulting in a mode
field diameter of approximately 3.5 µm [32]. The nonlinear coefficient
of the fiber is γ = 11.2 W−1·km−1 [30]. The dispersion profile is shown
in Figure 4.2. The fiber has negative dispersion between 1500 nm and
1650 nm, with a dispersion variation of less than 1.5 ps/km/nm and a
dispersion slope of less than 1.0 × 10−3 ps/km/nm2 at 1550 nm. The
attenuation of the fiber is ∼ 8 dB/km in the 1550 nm range, and the
total insertion loss is ∼ 3 dB for this 50 m long HNL-PCF. Stimulated
Brillouin scattering (SBS) measurements performed on the HNL-PCF
show a SBS threshold of 21 dBm.
4.2 Wavelength Conversion of a 40 Gbit/s
RZ-DPSK Signal
In this section, we present wavelength conversion of a 40 Gbit/s RZ-
DPSK signal using FWM in the above mentioned 50 m long HNL-PCF
[33].
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Figure 4.3: Experimental setup for wavelength conversion of a 40 Gbit/s RZ-DPSK
signal using a HNL-PCF. λs: signal wavelength; λp: pump wavelength; λc: wave-
length converted signal wavelength; PC: polarization controller; MZM: Mach-Zehnder
modulator; PRBS: pseudo random bit sequence; EDFA: erbium doped fiber amplifier;
HNL-PCF: highly nonlinear photonic crystal fiber; PWR: optical power meter; MZI:
Mach-Zehnder interferometer; ED: error detector.
4.2.1 Experimental Setup
Figure 4.3 shows the experimental setup used for wavelength conversion
of a 40 Gbit/s RZ-DPSK signal. Light from a continuous wave (CW)
laser is modulated using a Mach-Zehnder modulator (MZM) biased at
a peak in the transmission function, driven with a 20 GHz clock sig-
nal to generate a 40 GHz pulse train with a pulse width of 33% of the
time slot, or 8.3 ps. A second MZM biased at null point and driven
with a 40 Gbit/s 231-1 pseudo random bit sequence (PRBS) adds phase
modulation resulting in a 40 Gbit/s RZ-DPSK signal. The signal is
combined with a pump signal from a CW laser using a 3 dB coupler
before amplification and entering the HNL-PCF with a pump power of
20 dBm and a total power of 25 dBm. The states of polarization (SOPs)
of both the signal and the pump are optimized in order to ensure the
highest conversion efficiency. At the fiber output the converted signal is
filtered out using a tunable optical bandpass filter (OBPF) with a 3 dB
bandwidth of 0.9 nm. After filtering, the converted signal is detected
in a balanced pre-amplified receiver consisting of an erbium doped fiber
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Figure 4.4: Conversion efficiency and receiver power penalty as a function of the
converted signal wavelength, when the signal (S) is fixed at 1562.5 nm and the pump
(P) is swept on the short wavelength side from 1559.8 nm to 1545.2 nm. The inset
shows the spectrum at the output of the HNL-PCF when the signal is at 1562.5 nm,
the converted signal (C) is at 1548.0 nm and the pump is at 1555.2 nm (Resolution
bandwidth 1 nm).
amplifier (EDFA), a tunable OBPF with a 3 dB bandwidth of 0.9 nm,
a one bit delay interferometer for demodulation, and two 45 GHz band-
width photodiodes in a balanced configuration.
4.2.2 Results
The inset in Figure 4.4 shows the spectrum at the output of the HNL-
PCF when the signal is located at 1562.5 nm, the pump at 1555.2 nm and
the converted signal at 1548.0 nm. The first and second sidebands of the
FWM process are clearly seen. The optical signal-to-noise ratio (OSNR)
of the converted signal is found to be better than 25 dB measured in a
1 nm resolution bandwidth. Figure 4.4 shows the conversion efficiency
(defined as the ratio between the power of the converted signal and the
original signal at the output of the HNL-PCF) versus wavelength when
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Figure 4.5: Measured BER curves for signal to converted signal wavelength separa-
tion between 5.4 and 34.7 nm.
the signal is fixed at 1562.5 nm and the pump wavelength is swept from
1559.8 nm to 1545.2 nm, allowing wavelength conversion of the signal to
shorter wavelengths. These results demonstrate a conversion efficiency
better than −20 dB with a 3 dB conversion bandwidth as broad as
31 nm.
We measure the bit error rate (BER) for several signals that are
converted to shorter wavelengths, and define the receiver sensitivity as
the average received power at a BER of 10−9. The results are plotted in
Figure 4.5. We see that the receiver sensitivity is −28.4 dBm for a signal
to converted signal separation of 5.4 nm, and −34.6 dBm at 34.7 nm.
The receiver power penalty is summarized in Figure 4.4. For small pump
signal separation, the power penalty is high, due to overlapping between
the converted signal and the pump spectrum that has been broadened
by XPM. As the wavelength of the converted signal becomes shorter,
smaller power penalties are observed.
Figure 4.6 shows the waveforms of the generated signal at 1562.5 nm
and the converted signal at 1537.4 nm and 1531.5 nm. The single-ended
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(a)                                   (b)                       (c)
(d)                                     (e)
Figure 4.6: Waveforms of the generated signal (a) at 1562.5 nm, for the converted
signal at (b) 1537.4 nm and (c) 1531.5 nm, and the corresponding single-ended de-
tected eye diagrams at (d) 1537.4 nm and (e) 1531.5 nm. Horizontal scale: 5 ps/div.
detected eye diagrams are also shown in the figure for the two converted
signals. It can be seen that the signal waveform is very well preserved
after wavelength conversion, and the demodulated eye diagrams show
very little deterioration. The conversion efficiency and the wide conver-
sion band show that the 50 m long HNL-PCF is a suitable candidate
for wavelength conversion of 40 Gbit/s RZ-DPSK signals using FWM
across the C-band.
4.3 Wavelength Conversion of a 6 × 40 Gbit/s
DPSK WDM Signal
In this section, we describe wavelength conversion of a 6 × 40 Gbit/s
DPSK WDM signal using FWM in the same HNL-PCF as above [34].
4.3.1 Experimental Setup
Figure 4.7 shows the experimental setup used for wavelength conversion
of a 6×40 Gbit/s DPSK WDM signal. The WDM source consists of six
distributed feedback (DFB) lasers spaced 200 GHz apart, the outputs
of which are combined in an arrayed waveguide grating (AWG) multi-
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Figure 4.7: Experimental setup for wavelength conversion of a 6× 40 Gbit/s DPSK
WDM signal using a HNL-PCF. DFB: distributed feedback laser; λp: pump wave-
length; λc: wavelength converted signal wavelength; PC: polarization controller;
MZM: Mach-Zehnder modulator; PRBS: pseudo random bit sequence; EDFA: er-
bium doped fiber amplifier; HNL-PCF: highly nonlinear photonic crystal fiber; PWR:
optical power meter; MZI: Mach-Zehnder interferometer; ED: error detector.
plexer. The wavelengths of the lasers are in the range from 1552.0 nm to
1560.0 nm. All CW signals are simultaneously modulated using a MZM
biased at null transmission and driven with a 40 Gbit/s 231-1 PRBS,
resulting in a 6 × 40 Gbit/s DPSK WDM signal. The WDM signal is
combined with a CW pump at 1544.4 nm using a 3 dB coupler before
being fed into the HNL-PCF, where wavelength conversion is realized.
In order to achieve the best conversion efficiency for all six channels,
both the WDM signal and the pump are polarization controlled and
amplified before entering the 3 dB coupler. At the HNL-PCF input, the
total WDM signal power is 18 dBm and the pump power is 25 dBm.
At the HNL-PCF output, two consecutive tunable OBPFs, both with a
3 dB bandwidth of 0.9 nm, are used to select the desired wavelength con-
verted channel. The signal is then detected in a balanced pre-amplified
receiver consisting of an EDFA, a tunable OBPF with a 3 dB band-
width of 0.9 nm, a one bit delay interferometer for demodulation, and
two 45 GHz photodiodes in a balanced configuration.
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Figure 4.8: Measured spectrum at the output of the HNL-PCF when the WDM
signals (S) are located in the wavelength range of 1552.0–1560.0 nm, the pump (P) is
fixed at 1544.4 nm, and the wavelength converted WDM signals (C) are at 1528.8–
1536.8 nm. Resolution bandwidth 0.1 nm.
4.3.2 Results
Figure 4.8 shows the spectrum measured at the HNL-PCF output. It is
clearly seen that all six channels have been successfully converted to the
wavelength range from 1528.8 nm to 1536.8 nm. Also, narrow peaks lo-
cated at λ ≈ λp±n·∆λ are found in the spectrum, where λp is the pump
signal wavelength, n = 1, 2,. . ., 5, and ∆λ ≈ 1.6 nm is the WDM signal
channel spacing. These components are due to nondegenerate FWM
between the pump and signals at two different wavelengths. The inset
in Figure 4.9 shows that the peak located at λp − 5 ·∆λ overlaps with
the spectrum of the converted channel at 1536.8 nm. This peak com-
ponent has a random phase and varying intensity, hence deteriorating
the converted signal. Figure 4.9 shows the conversion efficiency for each
of the WDM channels as a function of the converted signal wavelength.
These results demonstrate conversion efficiencies better than −20.3 dB
for all six channels, and deviation from channel to channel of less than
2.3 dB.
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Figure 4.9: Conversion efficiency and receiver power penalty as a function of the
wavelength for each of the wavelength converted WDM channels. The inset shows
the spectrum overlap between one of the nondegenerate FWM products at λp−5 ·∆λ
and the converted channel at 1536.8 nm.
Figure 4.10 shows measured BER curves for three out of the six
WDM channels at 1552.0, 1555.2, and 1560.0 nm, and their correspond-
ing wavelength converted signals at 1536.8, 1533.6, and 1528.8 nm. The
receiver power penalty, defined as the degradation in receiver sensitivity
due to the wavelength conversion process, is plotted in Figure 4.9 for
all six converted channels. Power penalties between 2 dB and 4.1 dB
are obtained. The highest receiver power penalty of 4.1 dB for the con-
verted signal at 1536.8 nm is due to its spectrum overlapping with the
nondegenerate FWM product, as explained in the previous paragraph.
Figure 4.11 shows the demodulated eye diagrams (after single-ended
detection) of one of the WDM channels at 1556.8 nm and the corre-
sponding converted signal at 1532.0 nm. It can be seen that after wave-
length conversion the demodulated eye diagram shows little degradation.
Though only two eye diagrams are presented in the figure, other chan-
nels show similar performance. These results suggest that the 50 m long
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Figure 4.10: Measured BER curves for three out of the six WDM channels at
1552.0, 1555.2, and 1560.0 nm, and their corresponding wavelength converted signals
at 1536.8, 1533.6, and 1528.8 nm.
Figure 4.11: Single-ended detection eye diagrams of one of the WDM channels
at 1556.8 nm (left) and the corresponding converted signal at 1532.0 nm (right).
Horizontal scale: 10 ps/div.
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HNL-PCF is a good candidate for multichannel wavelength conversion
of phase modulated signals at 40 Gbit/s.
4.4 Wavelength Conversion of an 80 Gbit/s
RZ-DPSK-ASK Signal
In Chapter 3, we presented orthogonal modulation as one way of adding
the optical label onto a data payload in an optical label switched net-
work. The use of orthogonal phase and amplitude modulation has also
been proposed to increase the signal bit rate of optical communication
systems [35]. By combining various forms of phase and amplitude mod-
ulation, 30 Gbit/s [36] and 40 Gbit/s [37] signals have been generated
using only 10 Gbit/s equipments. By doing this, it becomes possible to
generate signals at higher bit rates than state-of-the-art electronic and
opto-electronic equipment can provide, and without the complexity of
optical time division multiplexing (OTDM) techniques [38].
In the following, we report generation and wavelength conversion
of an 80 Gbit/s signal using a combination of DPSK, amplitude shift
keying (ASK) and return-to-zero (RZ) pulse carving at a symbol rate of
40 Gbaud [38].
4.4.1 Experimental Setup
Figure 4.12 shows the experimental setup used for wavelength conver-
sion of an 80 Gbit/s RZ-DPSK-ASK signal. Light from a CW laser at
1556.4 nm is modulated in three consecutive MZMs. The first MZM
is biased at a peak in the transmission function, driven with a 20 GHz
clock signal to generate a 40 GHz pulse train with a pulse width of 33%
of the time slot, or 8.3 ps. The second MZM is biased at null point and
driven with a 40 Gbit/s 231-1 PRBS, to generate a 40 Gbit/s RZ-DPSK
signal. Finally, the third MZM driven with a 40 Gbit/s 223-1 PRBS adds
amplitude modulation on the 40 Gbit/s RZ-DPSK signal, resulting in
an 80 Gbit/s RZ-DPSK-ASK signal. The bias voltage and the driving
signal amplitude of the third MZM are adjusted to achieve the desired
extinction ratio of the ASK signal. Certain optical power of a ’0’ level
in the ASK signal is necessary to maintain the phase information of the
RZ-DPSK signal. Therefore, the extinction ratio of the ASK signal is a
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Figure 4.12: Experimental setup for wavelength conversion of an 80 Gbit/s RZ-
DPSK-ASK signal using a HNL-PCF. λs: signal wavelength; λp: pump wavelength;
λc: wavelength converted signal wavelength; PC: polarization controller; MZM: Mach-
Zehnder modulator; PRBS: pseudo random bit sequence; EDFA: erbium doped fiber
amplifier; HNL-PCF: highly nonlinear photonic crystal fiber; PWR: optical power
meter; MZI: Mach-Zehnder interferometer; PD: photodiode; ED: error detector.
trade-off between good eye opening for the ASK signal and sufficient eye
opening of the demodulated DPSK signal. An extinction ratio of 6 dB
results in equal BER for the ASK and DPSK tributaries, thus leads to
the best overall performance. Hence an extinction ratio of 6 dB is used
throughout all the measurements.
The generated RZ-DPSK-ASK signal is combined with a pump signal
from a CW laser at 1550.6 nm using a 3 dB coupler before amplification
and entering the HNL-PCF with a total power of 25 dBm. The SOPs
of both the signal and pump are optimized in order to obtain the high-
est conversion efficiency. At the fiber output, the converted signal at
1544.8 nm is filtered out using a tunable OBPF with a 3 dB bandwidth
of 0.9 nm. Then the signal is amplified in an EDFA and filtered by an
OBPF with a 3 dB bandwidth of 0.9 nm, and split into two branches
for the DPSK and ASK signal detections. The DPSK detection is re-
alized in a one bit delay interferometer for demodulation, a balanced
receiver consisting of two 45 GHz photodiodes, and a 40 Gbit/s error
detector (ED). The ASK detection is realized in a 50 GHz photodiode
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Figure 4.13: Measured spectrum at the output of the HNL-PCF, when the signal (S)
is at 1556.4 nm, the pump is at 1550.6 nm, and the converted signal is at 1544.8 nm.
Resolution bandwidth 0.01 nm.
followed by another 40 Gbit/s ED, so that the BER evaluations for the
DPSK and ASK signals can be carried out simultaneously.
4.4.2 Results
Figure 4.13 shows the spectrum measured at the HNL-PCF output.
Conversion efficiency of −19 dB is obtained. Figure 4.14 shows the
measured BER curves for the DPSK and ASK signals in the back-to-
back case, and after wavelength conversion. As shown in the figure,
the receiver sensitivity (defined as average received power at a BER of
10−9, when the BER is averaged over the DPSK and ASK tributaries) is
∼−22.5 dBm in the back-to-back case, and is ∼−13.6 dBm after wave-
length conversion. We believe that the large penalty can be attributed
to the reduced OSNR after wavelength conversion process; note that at
low BER, little or no receiver penalty compared to the back-to-back case
is found.
Figure 4.15 shows the eye diagrams of the generated RZ-DPSK-ASK
signal at 1556.4 nm and the wavelength converted signal at 1544.8 nm.
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Figure 4.14: Measured BER curves for the DPSK and ASK signals in the back-to-
back case, and after wavelength conversion.
The demodulated eye diagrams (after balanced detection) of the DPSK
tributary in the back-to-back case and after wavelength conversion are
also presented in the figure. The eye diagram of the back-to-back RZ-
DPSK-ASK signal shows the limited extinction ratio used for the ASK
signal generation. The demodulated DPSK signal exhibits six distinct
traces as shown in the figure. This is due to the differential demodulation
of combined high-high, high-low, and low-low amplitude signals with
either 0 or pi relative phase shift. The results also indicate that the signal
waveform is very well preserved after wavelength conversion. These
results show that the 50 m long HNL-PCF is suitable for wavelength
conversion of high speed multilevel modulated signals implemented by
combining phase and amplitude modulation.
4.5 Summary
We successfully demonstrated wavelength conversion of a 40 Gbit/s RZ-
DPSK signal using FWM in a 50 m long HNL-PCF. A conversion
efficiency better than −20 dB for a pump power of 20 dBm, and a wide
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(a)                                                   (b)
(c)                                                   (d)
Figure 4.15: Eye diagrams of the generated RZ-DPSK-ASK signal at 1556.4 nm
(a), and the wavelength converted RZ-DSPK-ASK signal at 1544.8 nm (b). The
demodulated eye diagrams (after balanced detection) of the DPSK signal in the back-
to-back case (c) and after wavelength conversion (d) are also presented. Horizontal
scale: 5 ps/div.
conversion bandwidth of 31 nm only limited by the bandwidths of am-
plifiers and tunability of optical bandpass filters, were achieved. Using
the same fiber, simultaneous wavelength conversion of a 6 × 40 Gbit/s
DPSK WDM signal was successfully performed. Conversion efficiencies
better than −20.3 dB for all six channels for a pump power of 25 dBm,
and with deviation from channel to channel of less than 2.3 dB, were
demonstrated. A receiver power penalty due to the wavelength conver-
sion process of less than 4.1 dB was obtained. And finally, we reported
generation of an 80 Gbit/s signal using a combination of phase and
amplitude modulation at a symbol rate of 40 Gbaud. Wavelength con-
version of the generated 80 Gbit/s RZ-DPSK-ASK signal was demon-
strated. A conversion efficiency of −19 dB, and well preserved signal
waveforms after wavelength conversion, were obtained.
The fiber used in the above mentioned experiments was a 50 m long
ii
i
i
i
i
i
i
71
HNL-PCF. The fiber had a high nonlinear coefficient with a flat disper-
sion profile, thus satisfying the phase matching requirement for FWM.
FWM in a fiber is a phase and intensity modulation preserving process
that furthermore is independent of the signal bit rate, therefore sat-
isfying the major requirements for transparent high-speed wavelength
conversion. It has been shown that, in future all-optical networks, with
a simple FWM scheme wavelength conversion functionality can be im-
plemented for high speed signals with phase modulation and multilevel
modulation, even combined with WDM technology.
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Chapter 5
Amplitude Equalization of
RZ-DPSK Signals
Amplitude fluctuations of return-to-zero differential phase shift keying
(RZ-DPSK) signals induced by amplified spontaneous emission (ASE)
noise and the interaction between optical fiber nonlinearity and disper-
sion (such as e.g. intra-channel four wave mixing) might degrade the
quality of the received signal [1]. Those amplitude fluctuations will more-
over be converted into nonlinear phase noise that has been shown to be a
major source of impairments for differential phase shift keying (DPSK)
systems [2]. Consequently, all-optical amplitude regeneration of RZ-
DPSK signals will be needed to achieve improved signal quality in ultra
long-haul transmission systems.
An extra requirement compared to conventional on-off keying (OOK)
regeneration methods is that the process involved should not affect the
phase of the signal, or should even provide phase regeneration [3]. So
far, only a few regenerative mechanisms suitable for RZ-DPSK signals
have been presented. Amplitude regeneration with phase preserving RZ-
DPSK signal regeneration has been numerically studied at 40 Gbit/s in
a nonlinear optical loop mirror (NOLM) setup including an additional
directional attenuator [4], and demonstrated at 10 Gbit/s in a similar
setup [5] and in a nonlinear amplifying loop mirror (NALM) [6]. An im-
plementation of a newer design of NOLM based on distributed Raman
amplification in a loop (RA-NOLM) combined with spectral filtering has
been shown to result in amplitude regeneration with negligible phase dis-
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tortion [7,8]. Phase regeneration using phase-sensitive amplifiers (PSAs)
has been numerically investigated at 40 Gbit/s [9] and experimentally
demonstrated at 10 Gbit/s [10,11]. Reduction of phase noise can also be
realized by converting phase information to amplitude information and
performing the regeneration operation on the amplitude [12, 13]. This
scheme has been implemented in semiconductor optical amplifier (SOA)
based structures [14–19], and more recently in a fiber-based regenera-
tor [20].
Four-wave mixing (FWM) is a phase and intensity modulation pre-
serving process that has already been used for wavelength conversion
of DPSK signals both in single channel [21] and wavelength division
multiplexing (WDM) systems [22]. Amplitude noise reduction of DPSK
signal has been demonstrated at 10 Gbit/s using the nonlinear trans-
fer function of pump-modulated FWM in a SOA [23]. Using saturation
of FWM in an optical fiber, amplitude equalization has been reported
for OOK signals at 2 Gbit/s [24]. The amplitude regeneration capa-
bilities of FWM for DPSK signals have been proposed and numerically
investigated [25–27]. The enhancement of DPSK transmission perfor-
mance through the reduction of nonlinear phase noise using a FWM-
based equalizer has been demonstrated for short (∼ 7 ps) pulses at
10 Gbit/s [28]. However, the use of FWM for amplitude equalization of
realistic RZ-DPSK signals with larger duty cycles at 40 Gbit/s has not
been demonstrated so far.
In this chapter, we describe amplitude equalization of 40 Gbit/s
RZ-DPSK signals using saturation of FWM in a highly nonlinear fiber
(HNLF). In section 5.1, we present the principle of the RZ-DPSK am-
plitude equalization process and simulation results that suggest the am-
plitude regeneration capabilities of FWM in a HNLF. In section 5.2, we
report, to the best of our knowledge, the first experimental demonstra-
tion of amplitude equalization of 40 Gbit/s RZ-DPSK signals using a
500 m long HNLF. Experimental setup, results and further discussions
are presented. And finally, the chapter is summarized.
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Figure 5.1: Principle of RZ-DPSK amplitude regeneration using saturation of FWM
in a HNLF. TX: transmitter; CR: clock recovery; CW: continuous wave laser; MZM:
Mach-Zehnder modulator; HNLF: highly nonlinear fiber; OBPF: optical bandpass
filter.
5.1 FWM Based Amplitude Equalization
Process
In this section, we first describe the principle of RZ-DPSK amplitude
regeneration using saturation of FWM in a HNLF, and then we present
simulation results that verify the amplitude equalization capability of
FWM.
5.1.1 Principle of RZ-DPSK Amplitude Equalization
Figure 5.1 illustrates the principle of the RZ-DPSK amplitude equal-
ization process. At the output of the transmitter, an RZ-DPSK signal
is generated. After several fiber spans, a certain amount of intensity
fluctuation is accumulated. The amplitude distorted RZ-DPSK signal is
input to a piece of HNLF together with a pulsed optical pump obtained
by modulating a continuous wave with a sinusoidal electrical clock re-
covered from the transmitted signal. Due to saturation of FWM in the
HNLF, the amplitude of the wavelength converted RZ-DPSK signal is
equalized, while the phase information is preserved. Ideally, one would
expect the wavelength conversion process to induce a phase distortion
that is insignificant. In the present scheme, no phase regeneration is
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20 GHz 
Clock
40 Gbit/s
data
λS PM MZM
(a)                                                   (b)       
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EDFA2EDFA1
80 km 
SMF
13.6 km 
DCF
λP
20 GHz 
Clock
MZM
3 dB
HNLF
λAE
OBPF
(c)                                                          
Figure 5.2: A schematic of the simulation setup used to verify the amplitude equal-
ization capability of FWM in a HNLF for 40 Gbit/s RZ-DPSK signals. (a) RZ-DPSK
transmitter, (b) transmission spans, and (c) amplitude equalizer based on a HNLF.
λS: signal wavelength; λP : pump wavelength; λAE: amplitude equalized signal wave-
length; PM: phase modulator; MZM: Mach-Zehnder modulator; EDFA: erbium doped
fiber amplifier; SMF: standard single mode fiber; DCF: dispersion compensation fiber;
HNLF: highly nonlinear fiber; OBPF: optical bandpass filter.
achieved. However, performance improvement will be realized by the
reduction of nonlinear phase noise in the transmission spans following
the amplitude equalizer.
5.1.2 Simulation Results
In order to verify the amplitude regeneration capability of FWM in a
HNLF for RZ-DPSK signals, we simulate the system shown in Figure 5.2
using the commercial software VPItransmissionMakerTM. Light from a
continuous wave (CW) operating at 1553.6 nm is phase modulated using
a phase modulator driven with a 40 Gbit/s data signal. Then the signal
is pulse carved using a Mach-Zehnder modulator (MZM) driven with a
20 GHz clock, resulting in a 40 Gbit/s RZ-DPSK signal. The signal is
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Figure 5.3: Simulation results that verify the amplitude regeneration capability of
FWM in a HNLF for RZ-DPSK signals. Eye diagrams of the transmitted (a) and
amplitude equalized (d) RZ-DPSK signal, and the corresponding balanced detected
eye diagrams (b) and (e), and calculated constellation diagrams of the transmitted (c)
and amplitude equalized (f) RZ-DPSK signal. σ|E|
0: amplitude standard deviation
of the electric field of bit ’0’, σ|E|
1: amplitude standard deviation of the electric field
of bit ’1’, σφ
0: phase standard deviation of the electric field of bit ’0’, σφ
1: phase
standard deviation of the electric field of bit ’1’. Horizontal scale: 5 ps/div.
transmitted through 4 spans, each consisting of 80 km standard single
mode fiber (SMF) and a matching length of 13.6 km dispersion compen-
sation fiber (DCF) and two erbium doped fiber amplifiers (EDFAs) for
loss compensation. The transmitted signal is mixed with a pulsed pump
at 40 GHz repetition rate—generated by pulse carving the output from
the pump laser operating 600 GHz away from the signal on the shorter
wavelength side—in a 1 km long HNLF. At the input of the HNLF, the
signal and pump powers are 12 dBm and 15 dBm, respectively. At the
HNLF output, the amplitude equalized signal is selected with an opti-
cal bandpass filter (OBPF) centered at the FWM product wavelength.
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The HNLF used in the simulation has a fiber loss of α = 0.87 dB/km.
The nonlinear coefficient of the fiber is γ = 10.6 W−1·km−1. The fiber
dispersion is D = 0.031 ps/km/nm at 1550 nm with a dispersion slope
of S = 0.022 ps/km/nm2.
Figure 5.3 shows the eye diagrams of the transmitted and amplitude
equalized RZ-DPSK signal, and the corresponding balanced detected
eye diagrams. The calculated constellation diagrams of the transmit-
ted and amplitude equalized signals are also shown in the figure. The
results indicate that the amplitude fluctuations accumulated over the
transmission spans are suppressed after the equalization process. After
320 km transmission, the amplitude standard deviations of the electric
fields of bit ’1’ and ’0’ (σ|E|
1 and σ|E|
0) are 4%. They are reduced to
1% after amplitude regeneration. The phase standard deviations of the
electric fields (σφ
1 and σφ
0) are increased by a factor of two due to self
phase modulation (SPM) and cross phase modulation (XPM) occurring
associated with the FWM process. The influence of equalization induced
phase distortion is discussed in section 5.2.2.
5.2 Amplitude Equalization of 40 Gbit/s
RZ-DPSK Signals using Saturation of
FWM in a HNLF
The simulation results presented in the previous section suggest the am-
plitude regeneration capability of FWM in a HNLF for a 40 Gbit/s
RZ-DPSK signal. In this section, we report experimental work on am-
plitude equalization of 40 Gbit/s RZ-DPSK signals using saturation of
FWM in a 500 m HNLF [29].
5.2.1 Experimental Setup and Fiber Properties
Figure 5.4 shows a schematic of the setup used for experimental in-
vestigation of amplitude equalization of a 40 Gbit/s RZ-DPSK signal.
The equalization scheme relies on saturation of FWM between the de-
graded RZ-DPSK signal and a pulse train with the same duty cycle as
the RZ-DPSK signal. In our demonstration, we generate two identical
return-to-zero (RZ) pulse trains by simultaneously modulating two CW
lasers at the pump and signal wavelengths in a single Mach-Zehnder
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Figure 5.4: A schematic of the setup used for experimental investigation of ampli-
tude equalization of a 40 Gbit/s RZ-DPSK signal. λS : signal wavelength; λP : pump
wavelength; λAE: amplitude equalized signal wavelength; PC: polarization controller;
MZM: Mach-Zehnder modulator; PRBS: pseudo-random bit sequence; EDFA: erbium
doped fiber amplifier; HNLF: highly nonlinear fiber; PWR: optical power meter; ED:
error detector.
modulator (MZM1) biased at a peak of its transfer function and driven
with a 20 GHz clock. The two 40 GHz pulse trains with 33% duty
cycle are then demultiplexed in an arrayed waveguide grating (AWG).
The pulse train at the signal wavelength is phase modulated in the sec-
ond MZM (MZM2) driven with a 40 Gbit/s 231-1 pseudo random bit
sequence (PRBS), resulting in a 40 Gbit/s RZ-DPSK signal. To in-
tentionally introduce amplitude distortion to the RZ-DPSK signal, a
third MZM (MZM3) driven with a 2.5 GHz clock is used in this exper-
iment. The demultiplexed pulse train at the pump wavelength is then
synchronized using an optical delay line, amplified and combined with
the amplified distorted RZ-DPSK signal before entering the HNLF. The
polarization states of both signal and pump are optimized in order to
ensure the best signal amplitude equalization. Alternatively, a polar-
ization insensitive scheme such as e.g. the one presented in [30] could
be used. At the input of the HNLF, the signal and pump powers are
19 dBm and 22 dBm, respectively. At the HNLF output, the amplitude
equalized FWM product is selected with an OBPF. The signal is then
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Figure 5.5: Average power transfer function of the amplitude equalizer for a pump
average power of 160 mW (22 dBm) at the input of the HNLF.
detected in a single-ended pre-amplified receiver consisting of an EDFA,
a tunable OBPF with a 3 dB bandwidth of 0.9 nm, a one bit delay
interferometer for demodulation, and a 45 GHz photodiode.
The fiber used in this experiment is a 500 m long HNLF. The
nonlinear coefficient of the fiber is γ = 10.6 W−1·km−1. The fiber
zero dispersion wavelength is λ0 = 1553.6 nm, with a dispersion slope
of S = 0.022 ps/km/nm2. The wavelengths of the RZ-DPSK signal,
pump, and amplitude equalized FWM signal are λS = 1560.60 nm,
λP = 1555.84 nm, and λAE = 1550.91 nm, respectively. Here, the
pump wavelength is set to be slightly detuned from the fiber zero dis-
persion wavelength on the longer wavelength side, in order to satisfy the
phase-matching condition when taking the nonlinear refractive index
into account [24].
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a b
c d
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Figure 5.6: Waveforms of the distorted signal for different intensity distortion mod-
ulation indices of (a) 45% and (c) 5%. The corresponding amplitude equalized signals
are shown in traces (b) and (d), respectively.
5.2.2 Results and Discussions
Figure 5.5 shows the power transfer function of the equalizer—defined as
wavelength converted signal average power at the output of the HNLF
as a function of signal average power at the HNLF input—for an av-
erage pump power at the HNLF input of 160 mW (22 dBm). Due to
the limitation of the EDFA output power and the insertion loss of the
optical attenuator, the transfer function shown in Figure 5.5 does not
cover the operating region of the equalizer. However, it clearly shows
the saturation behavior of the equalizer in the high signal input power
regime.
The modulation index of the intensity distortion imposed on the RZ-
DPSK signal depends on the bias voltage and the driving clock ampli-
tude that are applied to MZM3. In the present experiment, the 2.5 GHz
driving signal amplitude is kept constant while the bias point is changed
to achieve different modulation indices in the range 5 to 45%. Figure 5.6
shows the waveforms of the distorted RZ-DPSK signals corresponding
to modulation indices of 5 and 45%, as well as the corresponding ampli-
tude equalized signals. It can be seen that the amplitude fluctuation is
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Figure 5.7: Measured BER curves for back-to-back, distorted, wavelength converted
(corresponding to wavelength conversion of an RZ-DPSK signal without amplitude
distortion), and amplitude equalized RZ-DPSK signals. The insets show the wave-
forms of the distorted and amplitude equalized signals under the same distortion
condition as the one used for the BER measurements.
significantly reduced in both cases.
Bit error rate (BER) measurement results in the back-to-back case
(i.e. when the signal at the output of MZM2 is directly connected to
the receiver) and for the distorted and amplitude equalized RZ-DPSK
signals for a modulation index of 32% are shown in Figure 5.7, together
with the corresponding waveforms. The BER curve obtained after wave-
length conversion of an RZ-DPSK signal without amplitude distortion
is also presented in the figure. In our implementation, wavelength con-
version of an RZ-DPSK signal without amplitude distortion induces a
power penalty of 3 dB at a BER of 10−9. This penalty is inherent to the
wavelength conversion scheme, and consequently defines the reference
to which the output of the equalizer should be compared when inten-
sity distortion is introduced. This intrinsic power penalty is believed to
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Figure 5.8: Spectrum measured at the output of the HNLF for a modulation index
of 32% (resolution bandwidth 0.1 nm). P: pump, S: distorted RZ-DPSK signal, AE:
amplitude equalized RZ-DPSK signal.
originate from the high power regime in which the wavelength converter
is operated, where both SPM and XPM also take place. This is con-
firmed by the spectrum measured at the output of the HNLF shown in
Figure 5.8, where the pump, distorted signal (for a modulation index
of 32%), amplitude equalized signal, and other FWM products can be
clearly seen. The pump spectrum has been broadened and the signal
spectrum has been distorted due to nonlinearities. The amplitude dis-
torted RZ-DPSK signal experiences a power penalty of 2.5 dB compared
to the back-to-back case. After wavelength conversion, the equalized
signal exhibits a power penalty of only 1 dB compared to the reference
wavelength converted undistorted signal. Therefore the excess penalty
due to intensity distortion is reduced from 2.5 dB to 1 dB after ampli-
tude equalization. This 1 dB residual power penalty compared to the
case of wavelength conversion of an undistorted RZ-DPSK signal is at-
tributed to the fact that the intensity distortion is significantly reduced,
but not totally suppressed by the equalizer.
The FWM process employed for equalization should preserve the
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(a)                                           (b)                                               (c)
(d)                                           (e)                                               (f)
(g)                                           (h)                                               (i)
Figure 5.9: Calculated eye diagrams of (a) generated RZ-DPSK signal, (b) RZ-
DPSK signal after 320 km transmission, (c) RZ-DPSK signal after 800 km trans-
mission, (d) distorted RZ-DPSK signal, (e) distorted RZ-DPSK signal after 320 km
transmission, (f) distorted RZ-DPSK signal after 800 km transmission, (g) amplitude
equalized RZ-DPSK signal, (h) amplitude equalized RZ-DPSK signal after 320 km
transmission, (f) amplitude equalized RZ-DPSK signal after 800 km transmission.
Horizontal scale: 5 ps/div.
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Figure 5.10: Calculated constellation diagrams of (a) generated RZ-DPSK signal,
(b) RZ-DPSK signal after 320 km transmission, (c) RZ-DPSK signal after 800 km
transmission, (d) distorted RZ-DPSK signal, (e) distorted RZ-DPSK signal after 320
km transmission, (f) distorted RZ-DPSK signal after 800 km transmission, (g) ampli-
tude equalized RZ-DPSK signal, (h) amplitude equalized RZ-DPSK signal after 320
km transmission, (i) amplitude equalized RZ-DPSK signal after 800 km transmission.
σ|E|
0: amplitude standard deviation of the electric field of bit ’0’, σ|E|
1: amplitude
standard deviation of the electric field of bit ’1’, σφ
0: phase standard deviation of the
electric field of bit ’0’, σφ
1: phase standard deviation of the electric field of bit ’1’.
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Figure 5.11: Calculated BER curves for the generated RZ-DPSK signal, distorted
and amplitude equalized RZ-DPSK signals in the back-to-back case, and after trans-
mission over 320 km and 800 km fiber spans.
phase information of the RZ-DPSK signal. It should be pointed out
that the technique does not present phase regeneration, but only am-
plitude equalization. However, due to the high power levels involved,
some nonlinear phase noise induced by SPM and XPM is expected at
the output of the equalizer. In order to quantify the eventual phase dis-
tortion induced by the equalization process, we simulate the experiment
using VPItransmissionMakerTM again. An undistorted RZ-DPSK signal
is generated and distorted using a MZM driven with a 2.5 GHz clock,
as in the experiment. The distorted signal is then amplitude equalized
in a piece of HNLF with the same properties as the fiber used in our
experiment. In the simulations, amplitude equalization is achieved with
a signal power of 18 dBm and a pump power of 17 dBm at the input of
the HNLF. Polarization effects in the fiber are not taken into account
in the simulations. We compare the transmission property of the dis-
torted and amplitude equalized signals by transmitting them through
4 or 10 spans, each consisting of 80 km standard SMF and a match-
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Figure 5.12: Measured receiver sensitivity for detection of the distorted and ampli-
tude equalized RZ-DPSK signals as a function of the modulation index of the intensity
distortion.
ing length of 13.6 km DCF. The eye diagrams, constellation diagrams,
and BER measurements are shown in Figure 5.9, Figure 5.10, and Fig-
ure 5.11, respectively. The performance of an undistorted RZ-DPSK
signal is also shown in the figures for comparison. The results show that
the amplitude fluctuation is reduced by the equalization process, while
the nonlinear phase noise introduced in the process does not have any
significant influence on the BER performance. As shown in Figure 5.11,
the receiver sensitivity of the distorted RZ-DPSK signal is −32.9 dBm,
and it is −32.7 dBm and −32.1 dBm after 320 km and 800 km trans-
mission, respectively. It is improved to −33.7 dBm after equalization,
and −33.5 dBm and −33.0 dBm after 320 km and 800 km transmis-
sion, respectively. It can also be seen from the figure that the BER
of the amplitude equalized signal after transmission is comparable with
that of an undistorted signal, which verifies that performance improve-
ment has been realized by the reduction of nonlinear phase noise in the
transmission spans following the amplitude equalizer.
To further assess the amplitude equalization, the modulation index
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of the amplitude distortion of the RZ-DPSK signal is varied from 5 to
45%. The measured receiver sensitivities for the distorted and equalized
signals are shown in Figure 5.12. As expected, the sensitivities of both
distorted and equalized RZ-DPSK signals degrade with increasing inten-
sity distortion. It can be seen that, within the limited accuracy of the
BER measurements, the receiver sensitivity of the distorted signal is lim-
ited by the back-to-back sensitivity of −28 dBm, while the sensitivity of
the equalized signal is limited to −25 dBm which is the sensitivity of the
wavelength converted RZ-DPSK signal without amplitude distortion.
5.3 Summary
We presented proof-of-principle numerical simulation results demon-
strating the amplitude regeneration capability of FWM in a HNLF. We
showed that, after amplitude equalization, the amplitude fluctuation ac-
cumulated over transmission spans was suppressed and the amplitude
standard deviation of the electric fields were significantly reduced.
Using a 500 m long HNLF, we experimentally investigated ampli-
tude equalization of 40 Gbit/s RZ-DPSK signals using saturation of
FWM. We demonstrated that amplitude distortion could be efficiently
suppressed, and the excess power penalty introduced by superimposed
intensity fluctuations was reduced from 2.5 to 1 dB after wavelength
conversion. We therefore confirmed experimentally the phase preserving
suppression of intensity fluctuations of RZ-DPSK signals by the pump-
saturation induced regenerative nature of the wavelength conversion pro-
cess.
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Chapter 6
Wavelength Conversion and
Transmission of Differential
Quadrature Phase Shift
Keying Signals
In 2002, Griffin et. al. proposed the use of differential quadrature phase
shift keying (DQPSK) in direct detection optical communication sys-
tems [1, 2]. Since then, DQPSK has gained much attention and been
intensively studied [3–12].
Instead of using two phase levels to carry the information as in the
differential phase shift keying (DPSK) format, DQPSK uses four phase
levels. Therefore, two bits are transmitted for each symbol, and the in-
formation is carried by the phase change between two consecutive sym-
bols, resulting in a symbol rate that is half of the bit rate.
The use of DQPSK in optical communication systems enables gen-
eration of high speed signals at a per channel bit rate that is twice
the operating speed of the electronics. The resulting signal has a spec-
tral width half of the binary signal at the same bit rate, thus reducing
the impact of transmission impairments. Recent demonstrations have
suggested that DQPSK including its variants—such as return-to-zero
DQPSK (RZ-DQPSK) and carrier suppressed return-to-zero DQPSK
(CSRZ-DQPSK)—is a promising format for long-haul, high capacity
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optical transmission systems, due to its doubling of spectral efficiency,
larger dispersion tolerance and increased polarization-mode dispersion
(PMD) limited transmission range [1]. By combining the optical time
division multiplexing (OTDM) technique and polarization multiplexing,
160 km transmission of 2.56 Tbit/s DQPSK signal in a single wave-
length channel has been demonstrated [13]. Employing optical phase
conjugation (OPC), dense wavelength division multiplexing (DWDM)
transmission of 22 × 20 Gbit/s DQPSK over 10,200 km [14] and 26 ×
42.8 Gbit/s DQPSK transmission with 0.8 bit/s/Hz spectral efficiency
over 4500 km standard single mode fiber (SMF) have been reported
[15]. Using polarization multiplexing, 1.6 bit/s/Hz spectrally efficient
40× 85.6 Gbit/s DQPSK wavelength division multiplexing (WDM) sig-
nals have been transmitted over 1700 km standard SMF, resulting in a
total capacity of 3.2 Tbit/s [16]. This capacity has lately been increased
to 12.3 Tbit/s using 77 WDM channels, each carrying 160 Gbit/s po-
larization multiplexed 85.4 Gbit/s RZ-DQPSK signals [17]. Moreover,
by employing electrical time division multiplexing (ETDM), per channel
bit rate of over 100 Gbit/s DQPSK transmission has been lately realized
in both single channel [18] and WDM systems [19, 20], demonstrating
the feasibility of DQPSK for future 100G Ethernet transport over wide
area networks.
In this chapter, we present experimental study of wavelength con-
version and transmission of DQPSK signals at a per channel bit rate
of 80 Gbit/s and above. In section 6.1, we give a brief introduction to
the DQPSK transmitter, precoding procedure, and receiver. In section
6.2, we report for the first time wavelength conversion of an 80 Gbit/s
DQPSK signal using four-wave mixing (FWM) in a highly nonlinear
fiber (HNLF). This work was done in cooperation with Torger Tokle
from COM•DTU. In section 6.3, we describe an experimental inves-
tigation on transmission property of a 240 Gbit/s RZ-DQPSK-ASK
signal generated by polarization multiplexing of 120 Gbit/s multilevel
modulated signals using a combination of DQPSK with amplitude shift
keying (ASK) and return-to-zero (RZ) pulse carving at a symbol rate of
40 Gbaud. This latter work was done in cooperation with Torger Tokle
and Jesper Bevensee Jensen, both from COM•DTU, and Murat Serbay
from University of Kiel, Germany.
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Figure 6.1: Two commonly used DQPSK transmitter structures. The first approach
uses two MZMs in parallel (a), and the second approach uses a MZM and a phase
modulator in series (b). The constellation diagrams of the corresponding generated
DQPSK signals at the output of the transmitter are also presented, as well as the
phase values assigned for the precoded pair (Ik, Qk).
6.1 Introduction
In this section, a very brief introduction is given to the DQPSK trans-
mitter and receiver structures and to the precoding procedure.
6.1.1 Transmitter and Precoding
Two transmitter structures commonly used to generate a DQPSK signal
are illustrated in Figure 6.1. The first approach uses an electrical pre-
coder that is capable of operating at half the bit rate, and two parallel
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Mach-Zehnder modulators (MZMs) in a Mach-Zehnder interferometer
structure with a phase shift of pi/2 in one of the arms, as suggested
in [2, 21]. The two MZMs are driven with the precoded in-phase (I)
and quadrature (Q) components of the optical signal, respectively. The
precoding procedure is as follows [22]:
Ik = (uk ⊕ vk) (uk ⊕ Ik−1) + (uk ⊕ vk) (vk ⊕Qk−1) (6.1)
Qk = (uk ⊕ vk) (vk ⊕Qk−1) + (uk ⊕ vk) (uk ⊕ Ik−1) (6.2)
where ⊕ denotes exclusive OR operation. uk ∈ (0, 1) and vk ∈ (0, 1)
are odd and even numbered original information bits, respectively; Ik ∈
(0, 1) and Qk ∈ (0, 1) are coded I-channel and Q-channel bits, respec-
tively. Pairs (uk, vk) and (Ik−1, Qk−1) are used to calculate pair (Ik, Qk)
that in turn is used to control the absolute phase of the optical car-
rier. The amplitude of the driving signals to the two MZMs is adjusted
to have 2Vpi peak-to-peak voltage swing to add a pi phase shift, and
the resulting DQPSK signal at the transmitter output is a four-level
phase modulated signal with phase values within
{
pi
4 ,
3pi
4 ,
5pi
4 ,
7pi
4
}
, with
the symbol allocation as shown in Figure 6.1(a).
The optical field at the output of the transmitter can be written as,
E (tk) = E0 cos
[
pi (Ik −Qk) + pi2
2
]
e
j
[
pi(Ik+Qk)+
pi
2
2
]
(6.3)
where t = tk indicates the sampling time at the center of the symbol.
The second approach uses a MZM and a phase modulator in series,
as suggested in [3]. As shown in Figure 6.1, a MZM driven with the
precoded signal I having an amplitude of 2Vpi peak-to-peak voltage swing
adds a pi phase shift, and the following phase modulator driven with the
precoded signal Q having an amplitude of Vpi/2 adds a pi/2 phase shift.
The resulting DQPSK signal at the transmitter output is a four-level
phase modulated signal with phase values within
{
0, pi2 , pi,
3pi
2
}
, with the
symbol allocation as shown in Figure 6.1(b).
Using this transmitter structure, the precoding rules can be found
as follows [23],
Ik = (vk ⊕ Ik−1) ·Qk−1 + (uk ⊕ Ik−1) ·Qk−1 (6.4)
Qk = uk ⊕ vk ⊕Qk−1 (6.5)
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and the optical field at the output of the transmitter can be written as,
E (tk) = E0e
jpi
(
Ik+
Qk
2
)
. (6.6)
The two MZMs in parallel structure can be integrated on a single
chip to provide suitable stability (i.e. to ensure a constant phase shift of
pi/2 between the two arms of the interferometer), as utilized in [24–26].
Nevertheless, it has been shown that similar performance is found for
DQPSK transmitters using either two MZMs in parallel or a MZM and
a phase modulator in series [27].
As described above, a differential precoder is required for DQPSK
signal generation in order to map the input data onto the four possi-
ble phase states. Precoders without feedback paths—using delays and
logic circuits instead, as suggested in [28, 29]—have been proposed to
allow easier implementation for high speed DQPSK signal generation.
For laboratory testing, precoding can be omitted if a pseudo random
bit sequence (PRBS) is transmitted, since in this case the expected re-
ceived data can be calculated and programmed into a programmable
error detector (ED) for bit error rate (BER) measurements [3].
In the experiments presented in this chapter, the transmitter is re-
alized using a MZM and a phase modulator in series. And due to the
lack of an electrical precoder, two decorrelated PRBS signals are used
to modulate the MZM and the phase modulator respectively, and the
expected received data is programmed into a programmable ED for per-
formance evaluations.
6.1.2 Receiver
The direct detection of a DQPSK signal requires phase to intensity mod-
ulation conversion in a demodulator at the receiver. The most commonly
used DQPSK demodulator consists of two one symbol delay MZ inter-
ferometers made of 3 dB couplers and offset ±pi4 from the transmission
maximum respectively, and two balanced receivers. The basic structure
is illustrated in Figure 6.2. The received signal is first split into two
branches and sent to two MZ interferometers each with a delay of one
symbol period, corresponding to twice the bit slot. Then each branch is
detected in a balanced configuration to generate the demodulated sig-
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τ
4/pi
± kr
ks
τ
±
4/pi−
Figure 6.2: Illustration of the DQPSK receiver that consists of two one symbol delay
MZ interferometers offset ±pi
4
from the transmission maximum respectively, and two
balanced receivers.
nals r and s, respectively. It has been shown that balanced detection
gives 3 dB better receiver sensitivity than single-ended detection [3].
Assuming the input signal to the demodulator has the form E0e
jφ(t),
and assuming the same responsivity R for all the photodiodes, the out-
put currents of the two balanced receivers can be written as,
rk = −
√
2
4
E20 [cos (∆φk) + sin (∆φk)] (6.7)
sk = −
√
2
4
E20 [cos (∆φk)− sin (∆φk)] (6.8)
where ∆φk = φ(tk) − φ(tk−1) is the optical phase difference between
two consecutive symbols. By evaluating the demodulated bit sequence
rk and sk, the original transmitted data sequence uk and vk can be
recovered.
Integrated optical DQPSK receiver using silicon oxynitride (SiON)
technology has been proposed to ease both thermal stabilization and
active tuning [30, 31]. Moreover, a single MZ interferometer made of a
4×4 star coupler with an easier receiver construction has been reported
[32,33].
In the experiments presented in this chapter, only a single one symbol
delay MZ interferometer made of 3 dB couplers is available. We therefore
detect the two tributaries of the DQPSK signal one following the other
by tuning the phase offset of the MZ interferometer to pi/4 and −pi/4,
respectively.
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Figure 6.3: Experimental setup used for wavelength conversion of an 80 Gbit/s
DQPSK signal using a HNLF. (a) DQPSK transmitter, (b) receiver, and (c) wave-
length converter based on a 1 km long HNLF. λS: signal wavelength; λP : pump wave-
length; λC : wavelength converted signal wavelength; PM: phase modulator; MZM:
Mach-Zehnder modulator; EDFA: erbium doped fiber amplifier; HNLF: highly non-
linear fiber; PWR: optical power meter; MZI: Mach-Zehnder interferometer; DMUX:
demultiplexer; ED: error detector [34].
6.2 Wavelength Conversion of 80 Gbit/s
DQPSK Signals
In this section, we present an experimental investigation on wavelength
conversion of an 80 Gbit/s DQPSK signal using FWM in a 1 km long
HNLF.
6.2.1 Experimental Setup
Figure 6.3 [34] shows the experimental setup used for wavelength conver-
sion of an 80 Gbit/s DQPSK signal. Light from a continuous wave (CW)
laser operating at 1552.0 nm is first modulated by a phase modulator
driven with a 40 Gbit/s inverted 27-1 PRBS data signal whose amplitude
is adjusted to achieve a pi/2 phase shift. After the phase modulator, a
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MZM driven with a 40 Gbit/s 27-1 PRBS data signal of 2Vpi peak-to-
peak voltage swing is used to add pi phase shift, resulting in an 80 Gbit/s
DQPSK signal. The two data signals used to drive the phase modula-
tor and the MZM are decorrelated by a relative delay of 48 bits. The
generated DQPSK signal is combined with a CW pump at 1553.2 nm
using a 3 dB coupler before being fed into a 1 km long HNLF with a
nonlinear coefficient of γ = 10.9 W−1·km−1. In order to achieve the
highest conversion efficiency, both the signal and pump are polarization
controlled and amplified before entering the 3 dB coupler. At the HNLF
input, the power of the signal and pump is 14 and 17 dBm, respectively.
At the HNLF output, the wavelength converted signal is selected by a
tunable optical bandpass filter (OBPF) centered at 1554.4 nm, and am-
plified by an erbium doped fiber amplifier (EDFA). The signal is then
detected in a balanced pre-amplified receiver consisting of an EDFA, a
one symbol delay interferometer with a ±pi/4 phase shift in one arm
for demodulation, and two 45 GHz photodiodes in a balanced configu-
ration. As precoding is not applied at the transmitter side, the ED is
programmed with the expected bit pattern. Due to the lack of a pro-
grammable 40 Gbit/s ED at the time of the experiment, the received
signal is electrically demultiplexed to 10 Gbit/s, and the errors are then
counted on a programmable 10 Gbit/s ED.
6.2.2 Results
Figure 6.4 shows the spectrum measured at the HNLF output, where
the DQPSK signal, the pump and the wavelength converted signal are
clearly seen. The spectrum recorded at the input of the HNLF is also
presented in the figure. The conversion efficiency—defined as the ratio
between the power of the converted signal and the original signal at the
output of the HNLF—is found to be −12.4 dB.
Figure 6.5 shows the measured BER curves for the 80 Gbit/s DQPSK
signal before and after wavelength conversion. A receiver sensitivity (at
a BER of 10−9) of −21.8 dBm for the 80 Gbit/s DQPSK signal in the
back-to-back case is observed. A receiver sensitivity of −19.0 dBm is
found after wavelength conversion, leading to a wavelength conversion
induced power penalty of 2.8 dB. No indication of error floor is observed.
Figure 6.6 shows the eye diagrams of the generated DQPSK sig-
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Figure 6.4: Measured spectrum at the input and output of the HNLF when the
DQPSK signal (S) is located at 1552.0 nm, the pump (P) is at 1553.2 nm, and the
wavelength converted signal (C) is at 1554.4 nm. Resolution bandwidth: 0.05 nm.
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Figure 6.5: Measured BER curves for 80 Gbit/s DQPSK signal before and after
wavelength conversion.
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(a)                                               (b)
(c)                                               (d)
Figure 6.6: Eye diagrams of the generated DQPSK signal at 1552.0 nm (a), and
the wavelength converted DQSPK signal at 1554.4 nm (b). The demodulated eye
diagrams (after balanced detection) of the DQPSK signal in the back-to-back case
(c) and after wavelength conversion (d) are also presented. Horizontal scale: 5 ps/div.
nal at 1552.0 nm and the wavelength converted signal at 1554.4 nm.
The demodulated eye diagrams recorded after balanced detection of the
DQPSK signal in the back-to-back case and after wavelength conversion
are also presented in the figure. As we can see in the figure, the gen-
erated DQPSK signal has the typical feature of a DPSK signal that is
generated using a MZM, as the phase modulator in front of the MZM in
the setup does not add significant amplitude modulation. The eye dia-
gram of the demodulated signal in the back-to-back case shows certain
amount of inter-symbol interference (ISI), due to the relatively small
28 GHz bandwidth of the drive amplifier for the MZM and the 22 GHz
limited bandwidth of the phase modulator. After wavelength conver-
sion, certain distortions are observed in both the optical signal and the
demodulated signal, mainly attributed to the reduced optical signal-to-
noise ratio (OSNR) obtained after wavelength conversion process.
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6.3 Transmission of 240 Gbit/s
RZ-DQPSK-ASK Signals
In this section, we report an experimental investigation on generation of
a 240 Gbit/s RZ-DQPSK-ASK signal by employing polarization multi-
plexing of 120 Gbit/s signals using a combination of DQPSK with ASK
and RZ pulse carving at a symbol rate of 40 Gbaud. The transmis-
sion feasibility of such a multilevel modulated signal is demonstrated by
transmitting the signal over a 50 km fiber span.
6.3.1 Experimental Setup
A schematic of the setup used for generation and transmission of a
240 Gbit/s RZ-DQPSK-ASK signal is shown in Figure 6.7 [35]. Light
from a CW laser at 1550 nm is modulated by four consecutive modu-
lators. The first MZM is biased at a middle point of its transmission
function and driven with a 40 GHz clock signal to generate a 40 GHz
pulse train with a pulse width of 50% of the time slot, or 12.5 ps. The
second MZM is biased at null point and driven with a 40 Gbit/s 27-1
PRBS data signal of 2Vpi peak-to-peak voltage swing to add pi phase
shift. The following phase modulator is driven with a 40 Gbit/s in-
verted 27-1 PRBS data signal whose amplitude is adjusted to achieve a
pi/2 phase shift. Finally, the third MZM driven with a 40 Gbit/s 27-1
PRBS adds amplitude modulation on the 80 Gbit/s RZ-DQPSK signal,
resulting in a 120 Gbit/s RZ-DQPSK-ASK signal. The bias voltage and
the driving signal amplitude of the third MZM are adjusted to achieve
the desired extinction ratio of the ASK signal. Certain optical power of a
’0’ level in the ASK signal is necessary to maintain the phase information
of the RZ-DQPSK signal. Therefore, the extinction ratio of the ASK
signal is a trade-off between good eye opening for the ASK signal and
sufficient eye opening of the demodulated DQPSK signal. An extinction
ratio of 4.5 dB results in equal BER for the ASK and DQPSK tribu-
taries, thus leading to the best overall performance. Hence an extinction
ratio of 4.5 dB is used throughout all the measurements. Decorrelation
of the driving data signals is obtained by applying appropriate time
delays between all modulators.
The generated 120 Gbit/s RZ-DQPSK-ASK signal is then split into
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Figure 6.7: Simplified experimental setup used for generation and transmission of
a 240 Gbit/s RZ-DQPSK-ASK signal. (a) RZ-DQPSK-ASK transmitter, (b) trans-
mission span with polarization multiplexing, and (c) receiver. RZ: return-to-zero;
DPSK: differential phase shift keying; DQPSK: differential quadrature phase shift
keying; ASK: amplitude shift keying; PRBS: pseudo random bit sequence; SMF:
standard single mode fiber; IDF: inverse dispersion fiber; EDFA: erbium doped fiber
amplifier; PWR: optical power meter; MZI: Mach-Zehnder interferometer; DMUX:
demultiplexer; ED: error detector [35].
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two parts using a 3 dB coupler. The two signals are then delayed com-
pared to each other to decorrelate the data patterns. The states of polar-
ization (SOPs) of the two signals are adjusted to match the two orthog-
onal polarization axes of the following polarization beam splitter (PBS)
used to combine the two signals before they are input to the trans-
mission fiber span. The transmission span consists of 33 km standard
SMF followed by 17 km inverse dispersion fiber (IDF). The dispersion
is 17 ps/km/nm for the SMF and −36 ps/km/nm for the IDF, respec-
tively, resulting in a residual dispersion of ∼ −50 ps/nm at the signal
wavelength of 1550 nm. After the transmission span, the signal is polar-
ization demultiplexed using a polarization controller followed by a PBS.
Then the signal is amplified in an EDFA and filtered by an OBPF with
a 3 dB bandwidth of 1.3 nm, and split into two branches for the DQPSK
and ASK signal detections. The DQPSK detection is realized in a one
symbol delay interferometer with a ±pi/4 phase shift in one arm for de-
modulation, and two 45 GHz photodiodes in a balanced configuration.
Precoding at the transmitter side is not applied in this demonstration,
and due to the lack of a programmable 40 Gbit/s ED, the received signal
is demultiplexed to 10 Gbit/s and the errors are then counted on a pro-
grammable 10 Gbit/s ED. The ASK detection is realized in a 50 GHz
photodiode followed by a 40 Gbit/s ED, so that the BER evaluations
for the DQPSK and ASK signals can be carried out simultaneously.
6.3.2 Results
Figure 6.8 [35] shows the eye diagrams of the generated 120 Gbit/s
RZ-DQPSK-ASK signal and the signal after polarization multiplexing,
50 km fiber span transmission, and polarization demultiplexing. The
corresponding demodulated eye diagrams recorded after balanced de-
tection are also presented in the figure. The eye diagram of the back-to-
back RZ-DQPSK-ASK signal shows the limited extinction ratio used for
the ASK signal generation. The demodulated DQPSK signal exhibits
multilevel traces as shown in the figure. This is due to the delay demod-
ulation of pulses with different amplitudes. As shown in the figure, the
polarization multiplexing, transmission, and polarization demultiplexing
do not induce visible signal degradation.
Figure 6.9 [35] shows the BER curves for the 120 and 240 Gbit/s
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(a)                                                    (b)
(c)                                                    (d)
Figure 6.8: Eye diagrams of the generated 120 Gbit/s RZ-DQPSK-ASK signal
(a), and the signal after polarization multiplexing, 50 km fiber span transmission,
and polarization demultiplexing (b). The demodulated eye diagrams (after balanced
detection) of the DQPSK signal in the back-to-back case (c) and after polarization
multiplexing, transmission, and polarization demultiplexing (d) are also presented.
Horizontal scale: 5 ps/div [35].
RZ-DQPSK-ASK signals in the back-to-back case and after 50 km fiber
transmission. Measurements for all DQPSK and ASK tributaries and
the two orthogonal tributaries are shown, as well as the calculated aver-
age BER values. It can be seen from the figure that a receiver sensitivity
of −16.6 dBm is obtained for the 120 Gbit/s RZ-DQPSK-ASK signal in
the back-to-back case for a BER of 10−9. After polarization multiplex-
ing, 50 km fiber transmission, and polarization demultiplexing, the re-
ceiver sensitivity doesn’t change. We therefore demonstrate penalty-free
transmission of multilevel 240 Gbit/s RZ-DQPSK-ASK signal employing
polarization multiplexing.
The inset of Figure 6.9 shows the measured spectrum of a 40 Gbit/s
RZ-DPSK signal and a 120 Gbit/s RZ-DQPSK-ASK signal. It indicates
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Figure 6.9: Measured BER curves for the 120 and 240 Gbit/s RZ-DQPSK-ASK
signal in the back-to-back case, and after transmission. Measurements for all DQPSK
and ASK tributaries and the two orthogonal tributaries are also presented, as well
as the calculated average BER values. The inset shows the measured spectrum of a
40 Gbit/s RZ-DPSK signal and a 120 Gbit/s RZ-DQPSK-ASK signal [35].
that even the signal bit rate is increased by a factor of three, the symbol
rate is the same for both formats, as well as the spectral width. Later
investigations [36, 37] show that, increasing the data rate by a factor
of three by using multilevel modulation formats, the reduction of the
dispersion tolerance is much less than the nine times (32) reduction
expected from binary modulation.
6.4 Summary
This chapter described the experimental investigation of wavelength con-
version and transmission feasibility of high speed DQPSK signals.
Using a 1 km long HNLF, we successfully demonstrated for the first
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time wavelength conversion of an 80 Gbit/s DQPSK signal in a simple
FWM scheme. Conversion efficiency as high as −12.4 dB was achieved.
A wavelength conversion induced power penalty of 2.8 dB was measured.
No indication of error floor was observed.
Furthermore, using only 40 Gbit/s equipment, we successfully gener-
ated a high speed RZ-DQPSK-ASK signal at 240 Gbit/s by polarization
multiplexing of 120 Gbit/s signals using a combination of DQPSK with
ASK and RZ pulse carving at a symbol rate of 40 Gbaud. The transmis-
sion feasibility of such a multilevel modulated signal was demonstrated
by transmitting the signal over a 50 km fiber span with no power penalty
for a 27-1 PRBS data.
It has been shown that, using DQPSK modulation format, it be-
comes possible to generate high speed optical signal at a per channel bit
rate that is much higher than the operating speed of existing electronics.
Using 40 Gbit/s equipment, 80 Gbit/s DQPSK signals and 240 Gbit/s
RZ-DQPSK-ASK signals can be generated. All-optical network func-
tionality, such as wavelength conversion, can be implemented for an
80 Gbit/s DQPSK signal. Moreover, penalty-free transmission of ultra-
high speed multilevel modulated signal combining phase and amplitude
modulation formats demonstrates the suitability of RZ-DQPSK-ASK for
future high speed, short range networks.
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Chapter 7
Conclusion
This thesis has addressed demodulation in direct detection systems and
signal processing of high-speed phase modulated signals in future all-
optical networks where differential phase shift keying (DPSK) or differ-
ential quadrature phase shift keying (DQPSK) format will be used to
carry the information. Network functionalities have been investigated
include optical labeling, wavelength conversion and signal regeneration.
DPSK Demodulation
Two alternative ways of DPSK demodulation were investigated.
A Michelson interferometer using waveguide gratings as reflective
elements was fabricated by direct ultra-violet (UV) writing technique.
Successful demodulation of DPSK signals up to 40 Gbit/s was demon-
strated using this device. As only one coupler was used, the device leads
to a compact and inherently stable DPSK demodulator. However, the
limited bandwidth of the gratings requires the device to be customized
for a given wavelength channel.
A polarization MZ delay interferometer was implemented by using a
2.4 m long air-guiding photonic bandgap (PBG) fiber. The large birefrin-
gence of the fiber allowed phase-to-intensity modulation conversion for
DPSK demodulation at 10 and 40 Gbit/s. Due to the large value of the
fiber birefringence, an order of magnitude shorter air-guiding PBG fiber
can be used instead of a conventional polarization maintaining fiber, if
the latter would be used to realize the same interferometer delay. How-
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ever, the large birefringence observed at the fiber bandgap edge limited
the tunability of the demodulator to different signal wavelengths.
Both structures can be used at the transmitter side to generate op-
tical return-to-zero alternate mark inversion (RZ-AMI) signals with de-
sired pulse widths. Various signal duty cycles can be realized by tailoring
the relative positions of the gratings in each arm of the coupler in the
Michelson interferometer based structure, or by tuning the operating
wavelength in the PBG fiber based structure.
Optical Labeling
Two optical labeling schemes were investigated in this work, namely, the
optical in-band subcarrier multiplexing (SCM) method and the orthog-
onal modulation method.
The feasibility of in-band SCM labeling using 40 Gbit/s DPSK pay-
load and 25 Mbit/s nonreturn-to-zero (NRZ) SCM label, was experimen-
tally investigated. A receiver power penalty of 1.2 dB was measured for
a labeled signal using label modulation depth of η = 0.17 and subcarrier
frequency of 3 GHz. Transmission penalty of 1.1 dB was found af-
ter 80 km post-compensated non-zero dispersion shifted fiber (NZDSF)
span. Compared to the conventional SCM labeling scheme, in-band
SCM labeling offers better spectral efficiency, as the subcarrier frequency
is located inside the payload spectrum. Additional equipment at both
transmitter and receiver side is required for the implementation of the
scheme. Moreover, for high bit rate payload, the simplicity and cost ef-
fectiveness of label processing in the electronic domain, will be reduced
in order to maintain the optimal payload performance.
The performance of orthogonal labeling using 40 Gbit/s return-to-
zero (RZ) payload and 2.5 Gbit/s DPSK label, was experimentally stud-
ied. By using 8B10B encoding of the amplitude shift keying (ASK) pay-
load, 3.3 dB payload extinction ratio (ER) improvement was observed
for a balanced performance between the label and payload. Transmis-
sion of 4×40 Gbit/s ASK/DPSK signals was successfully demonstrated
with a payload penalty of less than 1 dB and label penalty of less than
1.5 dB, after a 40 km standard single mode fiber (SMF) span. An overall
penalty of 3.3 dB for the payload and 0.3 dB for the label were achieved
after cascaded transmission and label swapping of one of the wavelength
division multiplexing (WDM) channels. Due to the compact spectrum,
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simple label swapping and good scalability to high bit rate, orthogonal
labeling is considered a serious competitor to SCM labeling. Line cod-
ing techniques are useful to improve the limited ER of the payload to
maintain the balanced performance between the payload and label, at a
price of additional transmitter and/or receiver bandwidths.
Wavelength Conversion
Using four-wave mixing (FWM) realized in a 50 m long highly nonlinear
photonic crystal fiber (HNL-PCF), wavelength conversion of high-speed
phase modulated signals were reported in Chapter 4.
Wavelength conversion of a 40 Gbit/s RZ-DPSK signal was per-
formed. A conversion efficiency of −20 dB for a pump power of 20 dBm
and a conversion bandwidth of 31 nm, were obtained. Multichannel
wavelength conversion was also investigated using 6× 40 Gbit/s DPSK
WDM signals. Conversion efficiencies better than −20.3 dB for a pump
power of 25 dBm and wavelength conversion power penalties less than
4.1 dB, were achieved for all six channels. Using the same fiber, wave-
length conversion of an 80 Gbit/s RZ-DPSK-ASK signal generated by
combining phase and amplitude modulation, was presented. A con-
version efficiency of −19 dB and well preserved signal waveforms after
wavelength conversion were obtained.
HNL-PCF can be a good candidate for transparent high-speed wave-
length converters, as the phase matching requirement for FWM is re-
alized by combination of high nonlinear coefficient and flat dispersion
profile of the fiber. With a simple FWM scheme, the possibility of wave-
length conversion of high speed signals with both phase modulation and
multilevel modulation, and even combined with WDM technology, was
demonstrated.
Amplitude Equalization
The amplitude regeneration capability of FWM in a highly nonlinear
fiber (HNLF) was numerically studied. It was showed that, after ampli-
tude equalization, the amplitude distortions accumulated over transmis-
sion spans could be suppressed and the amplitude standard deviation of
the electrical fields were reduced.
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The first experimental demonstration of amplitude equalization of
40 Gbit/s RZ-DPSK signals using a 500 m long HNLF was reported.
Using saturation of FWM, it was shown that amplitude distortion was
efficiently suppressed, and the excess power penalty introduced by in-
tentionally superimposed intensity fluctuations was reduced from 2.5 to
1 dB after wavelength conversion.
In the presented work, wavelength conversion of an undistorted RZ-
DPSK signal induced a receiver power penalty of 3 dB, which prevented
the usage of such a regenerator in a real system. However, in our demon-
stration, the power levels of the signal and pump were set at rather high
values in order to equalize the large distortion applied in the experi-
ment. In a real system, the amount of intensity distortion accumulated
over several fiber spans is very likely much smaller than what was in-
vestigated in the presented work. Therefore, lower power levels would
be required, which in turn will result in lower conversion power penalty.
If a penalty-free wavelength conversion process would be implemented,
the proposed regenerator could be used in practice to achieve improved
signal quality and extended transmission range.
DQPSK
The use of DQPSK format enables generation of high-speed optical sig-
nals at a per channel bit rate that is twice the operating speed of the
electronics involved. Wavelength conversion and transmission feasibility
of DQPSK signals were investigated in Chapter 6.
The first demonstration of wavelength conversion of an 80 Gbit/s
DQPSK signal in a simple FWM scheme was presented. By using a 1 km
long HNLF, a conversion efficiency of −12.4 dB and a power penalty of
2.8 dB were achieved. No indication of error floor was observed, demon-
strating the capability of FWM for wavelength conversion of multilevel
phase modulated signals.
Using only 40 Gbit/s equipment, ultra-high speed RZ-DQPSK-ASK
signals at 240 Gbit/s were generated using polarization multiplexing and
combination of DQPSK with ASK and RZ pulse carving at a symbol
rate of 40 Gbaud. No power penalty was measured after transmission of
such multilevel modulated signals over 50 km fiber span. The spectrum
width of a 120 Gbit/s RZ-DQPSK-ASK signal was the same as that
of a 40 Gbit/s RZ-DPSK signal. It indicated that tripling the bit rate
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using multilevel modulation would result in a reduction of the dispersion
tolerance much less than the nine times reduction expected from binary
modulation.
The work presented in this thesis has shown that DPSK is a very promis-
ing modulation format for the next generation long-haul high capacity
optical communication systems. Direct detection of DPSK signals makes
the format compatible with high-speed transmission systems. All-optical
network functionalities that have already been studied for OOK format
also become possible for phase modulated signals. All-optical signal
processing, for example optical labeling, wavelength conversion and am-
plitude equalization, can be implemented for signals using DPSK format.
We also demonstrated that DQPSK can be implemented at bit rates as
high as 80 Gbit/s using only 40 Gbit/s electronics, and even higher bit
rates were demonstrated when combining with amplitude modulation at
40 Gbaud. The results obtained in this work are believed to enhance
the feasibility of phase modulation in future ultra-high speed spectrally
efficient optical transmission systems.
Future work
With the advantages offered by DPSK over the conventional OOK for-
mat, upgrading of amplitude modulation based systems to phase modu-
lation based systems becomes attractive when higher capacity is needed.
In this connection, modulation format conversion from OOK to DPSK
and from DPSK to OOK would be necessary at intermediate network
nodes where the legacy sub-networks are still using OOK format. We
have shown in this work, that DPSK can be converted to OOK with de-
sired pulse widths. To become practical, format conversion from DPSK
to OOK and vice versa need to be studied further. Meanwhile, com-
patibility of co-existing DPSK and OOK channels in a WDM grid such
as inserting new 40 Gbit/s DPSK channels into the existing 10 Gbit/s
WDM systems, needs to be investigated. Furthermore, all-optical 3R
regeneration that can provide simultaneous phase and amplitude regen-
eration would be very attractive in long-haul DPSK transmission, and
needs to be investigated.
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List of Acronyms
AM amplitude modulated
AMI alternate mark inversion
ASE amplified spontaneous emission
ASK amplitude shift keying
ATM asynchronous transfer mode
AWG arrayed waveguide grating
BER bit error rate
CW continuous wave
DCF dispersion compensation fiber
DFB distributed feedback
DSF dispersion shifted fiber
DPSK differential phase shift keying
DQPSK differential quadrature phase shift keying
DWDM dense wavelength division multiplexing
EAM electroabsorption modulator
ECL external cavity laser
ED error detector
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126 List of Acronyms
EDFA erbium doped fiber amplifier
ER extinction ratio
ETDM electrical time division multiplexing
FEC forward error correction
FWM four-wave mixing
HNLF highly nonlinear fiber
HNL-PCF highly nonlinear photonic crystal fiber
IDF inverse dispersion fiber
IP Internet protocol
ISI inter-symbol interference
MZM Mach-Zehnder modulator
MZI Mach-Zehnder interferometer
NALM nonlinear amplifying loop mirror
NOLM nonlinear optical loop mirror
NRZ nonreturn-to-zero
NZDSF non-zero dispersion shifted fiber
OADM optical add-drop multiplexer
OBPF optical bandpass filter
OOK on-off keying
OPC optical phase conjugation
OTDM optical time division multiplexing
OSNR optical signal-to-noise ratio
PBG photonic bandgap
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PBS polarization beam splitter
PMD polarization-mode dispersion
POLSK polarization shift keying
PRBS pseudo random bit sequence
PSA phase-sensitive amplifier
PSK phase shift keying
RF radio-frequency
RZ return-to-zero
RZ-DPSK return-to-zero differential phase shift keying
SCM subcarrier multiplexing
SDH synchronous digital hierarchy
SMF single mode fiber
SOA semiconductor optical amplifier
SOP state of polarization
SPM self phase modulation
UV ultra-violet
WDM wavelength division multiplexing
XOR exclusive OR
XGM cross gain modulation
XPM cross phase modulation
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